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PREFACE TO FIRST EDITION 


This treatise is designed for practicing engineers and contractors, and 
also for a text and reference book on concrete for engineering students. 

To broaden the scope of the work and avoid personal inaccuracies, each 
chapter has been submitted for critcism to at least one, and, in some cases, 
to three-or four specialists in the particular line treated. We have aimed 
to refer by name to all authorities quoted, and where the data is taken from 
books or periodicals, to give the original publication, so that each subject 
may be investigated further. Proof clippings have also been submitted for 
approval to those whose names are mentioned. Numerous cross refer- 
ences will be found as well as many repetitions, inserted for the purpose of 
emphasizing important facts. 

The chapters are arranged for convenience in reference, and therefore 
are not always in logical order. 

The Concrete Data in Chapter I presents a list of definitions of words 
and terms relating distinctively to cement and concrete; a summary of the. 
most important facts and conclusions, with references to the pages discuss- 
ving them; data on concrete lubor, and conversion ratios. 

The Elementary Outline of tlic Process of C^mcreting, Chapter II, is de- 
signed, not for the civil engineer, but for those seeking simple directions as 
to the exact procedure in laying a small quantity of concrete. Most of the 
subjects there treated are discussed at length in subsequent i haptcrs. 

The Specifications for Cement in Chapter III include the latest recom- 
mendations of. conxrqitte^s of pur national societies, with incidental changes 
to adapt them for direct use in purclfase’ specifications. The Concrete 
Specifications h^ve^beeh prepared by the authors to represent standard 
practice. Specifications for First-class or High SteclJ drawn up by Mr. 
Taylor, are, we believe, the first recommendations which have been made 
to safely adapt this important material to reinforced concrete construction. 

In Chapter IV the Choice of Cement is considered in an elementary 
fa.shion, which will serve as a guide to the constructor. Classification of 
Cements, Chapter V, distinguishes the various cements and limes manu- 
factured in the United States and Europe. 

* iii 
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Mr. Spencer B. Newberry, an international authority on the subject 
treated, has very kindly written for us Chapter VI on the Chemistiy of 
Hydraulic Cement, discussing this complex sul^ject in such a clear and prac- 
tical manner that it will be .of interest not only to the scientist, but also to 
the general reader and to the cement manufacturer. Mr. Newberry has 
also criticised Chapter V. 

Chapters VII and VllI give the latest information on the testing of ce- 
ment. Chapter IX presents practical rules for selecting sand for mortar, 
and the effect of different sands and of foreign ingredients upon its quality. 
Characteristics of the Aggregate are further treated, and practical data in 
regard to it are given in Chapter X. 

The subject of Proportioning Concrete has been treated, at our request, 
by Mr. William B. Fuller, the concrete expert, and his practical use of 
mechanical analysis is fully discussed. 

The tables of Quantities of Materials for Concrete and Mortar, in Chapter 
XII, and the diagram of curves, will be found useful in estimating materials. 

The Strength of Concrete, Chapter XX, is taken up from a i)ractical 
standpoint so that the data may be directly emi)Ioyed in design. 

'rhe theory and design of reinforced concrete are as yet in an elementary 
stage, but the rules and tables in Chapter XXI represent the most ad- 
vanced knowledge on the subject. 

Practical methods of Mixing and Laying Concrete are treated in ('haj)- 
ters XIII, XIV and XV. 

Mr. Rene Feret, of Boulogne-sur-Mer, France, whose extended re.searches 
enable him to speak with authority, has kindly written for us Chapter 
XVI, entitled "Phe Effect of Sea Water. 

Chapters XVII, XVIII and XIX, on Freezing, Fire and Rust Protection, 
and Water- Tightness are of practical interest to the contracting engineer. 

Plain and Reinforced Concrete Structures are treated in as much detail 
as space permits in Chapters XXIII to XXVIII inclusive. The designs 
are taken mostly from original drawings redrawn by the authors. They 
have been selected, not as extraordinary productions, but because the data 
in regard to them may be of use in designing similar structures. 

Methods ol Cement Manufacture in its modern types are described in 
detail in Chapter XXX. 

The References in Chapter XXXI will be found especially valuable to 
one pursuing more extended investigations than can be presented in a 
volume of t size. 

They have been selected from the large number contained in the authors’ 
index, as those which it may be to the advantage of the/cader to consult. 

Non; The chapter numbers h.we been changed to agree with the Second Edition. 
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The articles are usually described by their subject-matter rather than by 
their ^tles verbatim. 

Appendix I gives the method of chemically analyzing cement and cement 
materials according to the recommendations of the American Chemical 
Society. 

Additional formulas for reinforced concrete beams, too complicated for 
insertion in the body of the book, are given in Appendix II, these having 
been kindly compiled by Prof. Frank P. McKibben for this treatise. 

The authors desire to express their sincere appreciation of the various 
kindnesses extended to them while compiling the work. It has been neces- 
sary, because of the lack of authoritative information on many fundamental 
questions, not only to conduct numerous original investigations, but also to 
correspond with the most prominient engineers in this country, and with 
experts in England, France, and Austria. 

Mr. Feret, besides writing the chapter on The Effect of Sea Water, has 
kindly criticised Chapter IX, and made numerous suggestions which have 
l)cen incorporated. 

Mr. Fuller has examined and criticised all the chapters on practical con - 
struction, and Prof. McKibben has rendered material assistance in the line 
of investigations and criticisms relating to the theories of reinforced con- 
crete. * * 

The authors are indebted to many gentlemen for careful criticism of 
chapters or portions of chapters, for drawings, or for replies to questions, 
and take this opportunity to express their sincere appreciation of all such 
assistance. Among those to whom especial acknowledgment is due are 
the following: 

Messrs. Earle C. Bacon, David B. Butler (England), Harry T. Buttolph, 
Howard A. Carson, Edwin C. Eckel, William E. Foss, George B. Francis, 
John R. Freeman, Charles S. Gowen, Allen Hazen, Rudolph Ilering, 
James E. Howard, Richard L. Humphrey, A. L. Johnson, George A. Kim- 
ball, Robert W. Lesley, Alfred Noble, William Barclay Parsons, Henry 
H. Quimby, George W. Rafter, Ernest L. Ransome, Clifford Richard- 
son, Thomas F. Richardson, A. E, Schutt^, W. Purves Taylor, Edwin 
Thacher, Leonard C. Wason, George S. Webster, Robert Spurr Weston, 
Joseph R. Worcester; and Professors Ira O. Baker, Lewis J. Johnson, 
Edgar B. Kay, Gaetano Lanza, Charles L. Norton, Charles M. Spofford, 
George F. Swain, Arthur N. Talbot. 

Cuts have kindly been furnished by Allis-Chalmers Co., Au.stin Manu- 
facturing Co., Automatic Weighing Machine Co., Bonnot Co., Bradley 
Pulverizer Co., Clyde Iron Works, Contractors Plant Co., Drake Standard 
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Machine Works, Fairbanks Co., Falkenau-Sindair Machine Co., Farrel 
Foundry and Machine Co., Iroquois Iron Works, Kent Mill Co., Lmk*Beh 
Engineering Co.,McKelvey Concrete Machinery Co., W. F. Mosher & Son, 
Tinius Olsen and Co., Philadelphia Pneumatic Tool Co , Thos. Prosser and 
Son, Ransome Concrete Machinery Co., Riehld Bros. Testing Machine 
Co., Robins Conveying Belt Co., Sherburne and Co., T. L, Smith, Henry 
Troemner, Tucker and Vinton. 

FREDERICK W. TAYLOR. 
SANFORD E. THOMPSON. 

February, 1905. 

The writer wishes to state that the investigation and study necessary for 
the writing of this book were done by his colleague, Mr. Thompson, and 
desires that full credit for this should be given to him. 

Frederick W. Taylor. 



PREFACE TO SECOIVD EDITION 

The second edition aims to cover the developments in the design aiid con- 
struction of reinforced concrete since the issue of the first edition. To 
accomplish this, more than 200 pages of entirely new and original text and 
tables have been added, giving to the constructing engineer, the architect, 
and the contractor data for design and for building, and to the student a 
comprehensive and practical text and referenc'e book. 

One of the principal objects also in writing and in revising the book has 
been to make it useful to those men who arc practically engaged in this c la.ss 
of work and yet who arc unable to devote enough of their time to make 
either a profound or an original study of it. Attention is directed tt> the 
new Chapter I, in which many of the essentials of concrete, construction are 
pointed out and the reader is warned against the serious errors that have 
frequently been made in this field. 

'Fhe chapter on Reinfoned Concrete Design, which is increased from 51 
to 131 pages, includes a comprehensive statement of the detail^of design. 
Features of special interest in this chapter are the treatment of column design ; 
the discussion of shear and diagonal tension; the design of the supj)orts of 
beams and girders; the treatment of bending moments; the design of Hat 
plates; the most recent tests on hooked bars; the analysis of shrinkage and 
temperature reinforcement; and careful notes relating to many smaller 
though not less important details. Tables and diagrams for design cover- 
ing over 20 pages are prepared for oflSce use. A complete example of 
floor design gives the mathematical computations in detail for all the parts 
of the several members. 

In subsequent chapters are treated the designs of retaining walls, footings, 
culverts, and chimneys. 

Prof. Frank P. McKibben has kindly prepared the chapter on Arches, 
which presents the design of the arch by the elastic theory and gives a com- 
plete example with all the steps to be followed. 

In Chapter XXTX brief reference is made to a variety of structures in 
which concrete is employed as the building material. 

Prominent among the changes in the first part of the book, which is 
devoted to plain concrete, are the revised Specifications for Cement and Con- 

vii 
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Crete in Chapter III; Chapter IX on Proportioning; the enlargement of 
Chapters XIV and XV on Mixing and Depositing; the addition oh pages 
236 and 237 of tables for quantities of materials for rubble concrete; and 
the insertion of the most recent tests and conclusions on the strength and 
permeability of concrete. The list of references in Chapter XXXI has been 
increased over fifty per cent, new references having been carefully selected 
from the immense quantity of current literature published since the first 
issue of our book. 

The large increase in the quantity of material has necessitated a rearrange- 
ment of the matter and beyond page 235 the pages have been renumbered. 
To simplify the formulas, the demonstrations have been placed as far as 
I)ossible in footnotes or appendices. By the use of a thinner but higher 
quality of paper the book is increased but slightly in size. 

The authors desire to express their appreciation of assistance rendered in 
the work of revision. Special acknowledgment is due to Messrs. E. D. 
Boyer, R. D. Bradbury, William B. Fuller, Frank P. McKibben, Spencer 
B. Newberry, George F. Swain, Arthur N. Talbot, anti Joseph R. Worces- 
ter; also to Mr. Edward Smulski for his original studies for the matter 
on Reinforced Concrete Design. 


September, 1909 


FREDERICK W. TAYLOR. 
SANFORD E. THOMPSON. 
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A Treatise on Concrete 

CHAPTER I. 

ESSENTIAL ELEMENTS IN CONCRETE 
CONSTRUCTION 

Ihe forming of concrete structures is essentially a manufacturing opera- 
tion, and reejuires more close attention to detail both in the design and 
the building than most other classes of construction. lor the benefit of 
those who are not thoroughly experienced, a number of the most essential 
elements arc recorded below with leferenccs to p.igcs upon which more 
detailed information may be obtained 

General j)ropcrlies of materials and of concrete are cnitlined in ('hapter 
la on Concrete Data, and Chapter IT, page ii, gives in elementary form 
an outl ne of the ])roccsb of concreting 


CEMENT 

I'AC.l 

1 \ccpl for unimportant struc turcs, the cement should be sampled and 

tc^Tcd in a laboratory 63 

Lven if not tested, cement should l)e juirc hasccl \\ith the re(|uiremtnt 
that It must j)iss the ‘•pcciticaticms of the American Society for 

Ic sting Materiah 2tj 

Portland cement is the onl) cement that can be used for all kinds of 
concrete ^\ork 12 


SAND 

Tests of the sand, unless it comes from a l)ank which has been pre- 
viously tested, are as necessary as tests of the cement 1^9 

Even a small amount of \egetablc matter in sand prohibits its use 154b 
Fine sand, even if free from vegetable matter, makes a muc h weaker 
concrete than coarse sand. If it is necessary to use fine sand, 
therefore, the proportion of cement should he increased. . - .136, 159a 
If the grains are mostly less than ^ inch diameter, nearly double 
the amount of cement should be used than with an equally c lean 
sand having mixed grains running up to } inch, in Order to 

obtain equal strength 159a 

For unimportant work, fine sand, if clean, may sometimes be used, 
but it is usually cheaper to import a coarse sand and use leaner 
proportions 149, 159a 
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The maximum size of the stones should be such that the concrete is 
readily placed around the steel reinforcement and into the cor- 
ners of the forms. I"or reinforced concrete a maximum size of 

one inch is frequently specified. . . .? 34 

If the stone contains dust, it must be uniformly distributed through- 
out the stone, and the proportion smaller than inch should be 
determined by test and considered as sand when jiroportioning. . 34 

Soft stone should be avoided in important structures 390 

Gravel, if used, must be clean; that is, the particles must be free 
from coating of vegetable matter or clay which will retard the 
.setting or prevent the cement from sticking to the pebbles. . . 34, 386 

Gravel can be washed satisfactorily only with special apparatus. ... 250 

REINFORCEMENT 

All .steel should be subject to the bending test 415 

Steel must be placed in exact position called for on plans 37 

Steel must be fixed in place so that it cannot be moved during the 

process of concreting 37 

Round steel can be safely use 4 in reinforced concrete since with 
proper imbedment the concrete adheres to it with sufficient bond 

to develop the full strength of the steel at its elastic limit 461 

Square and flat bars do not bond as well as round 463 

Deformed bars, that is, bars with irregular surfaces, are especially 

useful where the stress falls off rapidly, as in footings 463, 645, 670 

Deformed bars are also advantageous for temjxjrature reinforcement 500 
Structural steel, like T-bars and I-beams, are not so good for rein- 
forcement as plain round or deformed .steel bars 465 

Structural steel may be used in columns cither to take the entire load 
with concrete around it for protection, or else to ac t with the 
concrete. Although generally less economical than plain bars, 

it may permit smaller sized columns 497 

High carbon steel, if of satisfactory quality and thoroughly tested. 


may be dsed with a higher working stress than mild steel 3B, 414 


High carbon steel, unless of special quality, is apt to be brittle, and 

should not receive higher working stress than nuld .steel 41.3 

Steel will not rust if completely surrounded with concrete of a wet 

consistency 3^7 

Changes in temperature will not cause separation of, steel from the 

concrete 287 
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PROPORTIONINa, MIXING AND PLACING 

PAGK 

Proportions must he accurately measured 251 

Mixing must be thorough; concrete is improved by long mixing 251 

Machine mixing is better than hand mixing 255^, 372 


Knough water must be used in reinforced concrete so that the mass 

will just flow sluggisldy around the steel to thoroughly imbed it. 36, 280 
For foundations of mass concrete, a jelly-like mass which will shake 

when being rammed is best 36, 280 

If concrete stilTens in barrows or in mixer it indicates that the cement 
has a “flash’’ set and it should not be used. 

If cement with a Hash set has been used inadvertently the concrete 


must be soaked with water until it hardens. 

Old and new concrete must be bonded for tight w’^ork 37, 284, 338 

Joints in floor construction should be made in center of span 37a, 284 

Surface treatment must be skillful, roughening is usually best 288 

Plastering on external surfaces should be avoided 288 


FORMS 

Forms must be braced securely to avoid being thrown out of line by 

the concrete or by the workmen 37> 294 

Struts and braces supporting the forms* must be strong enough to 
withstand the weight of the concrete above it and also a construc- 
tion load of 50 to 75 pounds per scpiare foot 294, 617 

Boards and planks need but few nails unless the forms are built so 

that the pressure tends to separate them from the cleats 620 

Forms should be tight enough to prevent mortar flowing away and 

leaving unsightly stone pockets 37, 623 

Forms should be thoroughly cleaned of all dirt and cln])s before 

laying concrete. A .steam hose is eflective for this ])ur{)ose 36 

Column forms should be made with cleanout opening in lower end. 

Forms (*annot be straightened or lined up after concrete is [)Inced 295 

Wall forms usually may be removed in 24 to 48 hours 296 

Forms supporting reinforced members should be left in jflacc until the 
concrete rings sound and is not readily chi] jped by a blowT 
from a pick. In mild weather i to 4 weeks is usually suflicieJitjj, 

according to the character of the member 296 

Great caution must be used in cold weather, as the concrete sets 

slowly; sometimes the forms must remain until warm weather,. 296 
If dead load, that is, weight of the concrete itself, is large, the forms 

must be left longer for concrete to attain sufficient strength 296 
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Earth must not he hackrilled ai^airist a wall until it is 3 to 4 weeks 

old unless forms are left in place and braced 620 

DESIGN 

R{‘inf()rced c'oncrete slioiild he desijrned by experienced engineers. . 702 

Bending moments must be selected for individual conditions 433, 43() 

Xeillu‘1- siec-l nor concrete must be o\erstrcssed in any part 418,420 

A d'-beani nuisl be dee[) enough to prevent overstressing concrete in 

tlic llangv* 424 

Width of llange of 'F-beaniis limited In span and thickness of slab. . 423 

Steel must be traced across the top of a girder 422, 443 

A continuous l)eani or slal^ must be designed at its su])])ort to resist 
negative bending moment, d'his re(|uires as much steel at the 

top ovtT the su])port as at cemter of member in the bottom 42.8 

Pnnision must be made for compression in the bottom of a continu- 
ous beam or slal) at the su])]>ort pS 

Shear in a 'V be.un must l)e studied to see that the stenn is large enough 424 
\ku'ti/al c)r incliiK'd ste?'! is usually ncressary to resist diagonal tension . 443 

Bars must be small enough to resist the bond slrc'ss 457 

Ends of l)ars must be imbc‘ddc‘d far enough to ])iovide bond suflicient 

to j):i‘\'<uit danger of pulling but 464 

Cedumns may be reduced in size Iw using rich ])roportions, vertical 

reinforc'ement, hooj)ing, or a combination of these 489 

H(K)ping ser\es to iiuTc'asc the toughiu'ss of the column 492 

'J'he working strength of a hoopcMl column, howewer, must fwl be based 

on its ultimate crushing stre-ngth 4(;5 


ESTIMATING. 

Cost of materials is r(*adily c\stimatc'd from the quantity used 24, 231 

Cos. of labor of mixing, and placing concrete can be cxstimaled with 

close approximation 24, 25 

The cost of forms and incidental expense are the* most difticult items 
to corrca tly c'stimate and vary largely with surrounding condi- 
tions. For this reasem, estimates for reinforced concrete must be 
based upon very accurate data and large cxj)cricnce 


26 
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CHAPTER la 

CONCRETE DATA 
DEFINITIONS 

SKE pa<;h 

Aggregate is the inert material, such as sand, broken stone, etc., with 
which the cement or other adhesive material is mixed to form coji- 
Crete or mortar. The term is sometimes erroneously applied to 
the coarse material, such as broken stone, only. 

Akron Cement is a Natural cement from the vicinity of Akron, N. Y. 49 
Beton is the French word for concrete. 

Beton-Goignet is a mixture of hydraulic lime, cement, and sand 42 

Concrete* is an artificial stone made by mixing; (ement, or some simi- 
lar material — which after mixinj^ with water will set or harden 
so as to adhere to inert material, - and an at^'jjregate com- 
])osed of hard, inert jiarticles of varying; size, such as a combina- 
tion of sand or broken .stone .screenings, with gravel, broken stone, 
cinders, broken brick, or other coar.se material. 

Concrete Rubble is masonry of large stores, usually of derrick size, 

with joints of concrete instead of mortar 296 

Density repre.scnts the ratio of the sum of the volumes or ma.ss of the 
particles, or absolutely solid substance, of a material contained 
in a measured unit volume to the total mea.surcd unit volume.. i 
Granolithic is concrete consisting of Portland cement and line broken 


stone or sand troweled to form a wearing surface 600 

Grappiers Cement {Ciment de grappiers) is made in France from 
particles which have escajjed di.sintegration in the manufacture 

of hydraulic lime 50 

Hydrated Lime is sy)ecially prepared powdered slaked lime 5.^ 

Hydraulic Lime contains lime and clay in such pro[)orlions that it 

hardens under water ’ 52 

James River Cement is a Natural cement from the James River Valley 49 
Laitance is decomposed cement formed in the presence of an excess 

of water • 302 

Laitier Cement {Ciment de lailier) is the French name for Puzzolan 

or slag cement 50 


*Also applied to mixtures of an aggregate with a material such as asphalt >K.hich liquehee 
on application of heat. 
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Lime of Toil (Ckaux du Teit) is a celebrated hydraulic lime of France $a 
Louisville Cement is a Natural cement from the vicinity of Louisville, 

Ky 49 

Mortar is a mixture of cement or lime and sand or other fine aggregate 
having water added so as to make it like a paste. 

Natural Cement is made from natural rock containing the required 

constituents in approximately uniform proportions 49 

Parker's Cement is a term sometimes used in England for Natural or 

Roman cement 49 

Paste is a mixture of neat, i.e., pure, cement or lime with water. 

Portland Cement is made from an artificial mixture of materials con- 
taining lime and clay 48 

Puzzolan Cement is a mechanical mixture of slaked lime with 
blast furnace slag, or with natural puzzolanic matter, such as vol- 
canic ash 50 

Reinforced Concrete is < one reie in whit h steel is imbedded to 
increase its ^Ircnglh. 

Roman Cement is the English name for Natural cement 49 

Rosendale Cement is a Natural cement from the Rosendale District in 

eastern New York State 49 

Rubble Concrete is concrete in which large stones are })laced 296 

Sand Cement or Silica Cement is a mechanical mixture of Portland 

cement and fine sand 42 

Slag Cement is the name sometimes given to Puzzolan cement 50 

Vassy Cement {Ciment de is a common French Natural cement 49 

Voids are the spaces throughout a mass of concrete, mortar, or paste 
that are filled with air or water 135 


WEIGHTS AND VOLUMES 

Portland Cement weighs per barrel, net 376 lb. 29 

‘ “ bag “ 94 •• 29 

Natural Cement weighs per barrel, net 282 “ 31 

“ ‘‘ bag, net 94 31 

Ooment Barrel weighs from 15 to 30 lb., averaging about 20 “ 

Portland Cement is assumed in standsErd proportioning to 

weigh per cubic foot 100 “ 2x7 

Packed Portland Cement, a.s in barrels, averages per cubic 

foot a])out IIS ^19 

^Packed Portland Cement based on 3.5 cubic feet barrel 

contents weighs per cubic foot 108J 
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/Loose IPorlland Oement averages per cubic foot about ... 99 lb. 019 
Volume of Oement Barrel, if cement is assumed to weigh 

too lbs. per cubic foot 3.8 cu.ft. 217 

American Portland Oement Barrel averages between heads 

about 3.5 “ ** 218 

foreign Portland Oement Barrel averages between heads 

about 3.25 “ ** 219 

Natural Oement Barrel averages between heads about 3.75 “ ‘‘ 

Weight of Paste of neat Portland cement averages per cubic 

foot about 137 lb. 376 

Volume of Paste made from 100 lb. of neat Portland ce- 
ment averages about 0.86 cu.ft. 229 

Volume of Paste made from one barrel of neat Portland 

cement averages about 3.2 “ 229 

Weight of Portland Oement Mortar in proportions 1:2^ 

averages per cubic foot 135 lb. 

Weight of Concrete and Mortar varies with the proportions 

as well as with the materials of which it is composed 362 

Weight of Portland Oement Concrete per cubic foot. ... 611 

Cinder Concrete averages 112 “ 

Conglomerate Concrete averages 150 ** 

Gravel Concrete averages % 150 " 

Limestone Concrete averages 148 ** 

Sandstone Concrete averages 143 “ 

Trap Concrete averages 155 

Loose Unrammed Concrete is 5% to 25% lighter than con- 
crete in place, varying with the consistency 277 


OEMENT TESTING FOR SMALL PURCHASERS 
Soundness. A sound cement will not go to pieces on the work. The 
test is therefore of greatest importance, and is often the only one necessary. 
Take about J pound, or one cupful, of Portland cement and mix by knead- 
ing minutes with sufficient water to form a paste of a consistency like 
putty. Press portions of the paste on to 3 pieces of window glass 4 inches 
square, so as to make 3 pals each about 3 inches in diameter and \ inch 
thick at center tapering to a thin edge, and place in moist air for 24 hours. 
Then keep one pat in air at moderate temperature (about 60® or 70® Fahr.) 
for 28 days, keep second pat in water for 28 days, and place third pat in 
loosely closed vessel over boiling water and keep there for five hours. 
Reject cement if any pats show radial cracks or curl crumble. The air 
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pat should not change color. Portland cements may be accepted on the 
steam test alone if time is limited. Natural cements should be subjected 
to water and air but not to steam. (See p. 79.) 

Fineness. The finer the cement of a certain class the higher is its 
value. Sift 5 ounces of dry cement containing no lumps through a sieve 
about 6 to 8 inches diameter with 100 meshes per linear inch. Not. 
more than J ounce of either Portland or Natural cement should remain 
on sieve. To compare (juality of two brands othenvi.se similar, sift 
through a 2oO’mesh sieve and choose the finer cement. (Sec p. 67.) 

Setting. A quick-setting cement is difficult to handle on the work and 
a too slow setting cement tlelays removal of forms. If a Vicat needle cannot 
be obtained for testing, use the (iillmore needles, — tw’o steel rods, one, 
one-twelfth inch diameter at its end, loacled to weigh J pound, the other, 
one- tw'enty- fourth inch diameter loaded to w^eigh 1 pound. A pat of pure 
Portland cement paste made like the soundness pat must not be able to 
support the weight of the lighter needle until 30 minutes after mixing, and 
must support the heavier needle in less ffian lo hours. A jiaste or mortar 
or concrete has reached its final .set Vh'cn it will support a pressure of tlic 
thumb without indenting. (See p. 70.) 

Purity. Provide a glass-stoppered bottle of muriatic acid, two shallow 
white bowls or two J-inch by 6-inch test tubes, a glass rod, and a jiair of 
rubber gloves. Put in a bowl or a tube as much cement as can be taken on 
a nickel 5-cent piece; moisten it wdth half a tca.spoonful of water; cover with 
clear muriatic acid poured slowdy upon the cement while .stirring it w'ith the 
glass rod. Pure Portland cement wnll effervesce slightly, and will give off 
some pungent gas and wnll gradually form a bright yellow’ jelly without 
any sediment. Powdered limestone or pow’dered cement-rock mixed with 
the pure cement wnll cause a violent effervescence, the acid boiling and 
giving off strong fumes until all the carbonate of lime has been consumed, 
when the bright yellow' jelly wdll form. Powdered sand or quartz or silica 
mixed with cement w’ill produce no other effect than to remain undissolvcd 
as a .sediment at the bottom of the yellow jelly. Reject cement which has 
either of these adulterants.”* (See p. 65.) 

Tensile Strength. The tensile test is frequently unnecessar}^ with a 
standard brand of cement employed ^in ordinary construction. Neat 
Portland cement should test at least 500 pounds in 7 days and 600 
pounds in 28 days. Mixed with three parts standard sand by weight, it 
.should te.st at least 150 pounds in 7 days and 200 pounds in 28 days. 
(See p. 30.) 

’(■fudson's City Roads and Pavements, 190Z. 
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Specific Gravity. The test requires delicate apparatus and is seldom nec- 
essary. Si)ecitic of Portland cement should exceed 3.1. (See p. 30.) 

Magnesia must not exceed 4%. (Sec p. 30.) 

Sulphuric Anhydride must not exceed 1.75%. (See p. 30.) 

Color is no indication of quality. (See p. 113.) 

Weight is no indication of quality. (See p. 114.) 

PROPERTIES OF SAND AND SCREENINGS 

SEE pv:k 

Sharpness of <];rain is not necessary Ly,a 

Quality of sand is chielly de])cndent upon the coarseness and relative 

coarseness of its grains 

Clay or Loam in sand is sometimes injurious to mortars because 
introducinjr loo much line material, while in other rases it may 

be ])encficial because the fine material is needed 1 5.PI 

Specific Gravity of dry sand may be taken at 2.65 163 

Voids in sand cannot be accurately determined by ])Ouring water into 

i<, ])iit can be hnind by weighing the sand and (hiding its moisture 163 
Comparison of Sands cannot be made by a study of voids because of 

the effect of varying degrees of moisture 177 

Moist Sand measured loose is lighter in weight than loose dry sand . . 176 
Coarse Sand requires less water than tine sand, and when mixed with 

cement makes a denser mortar 216 

Fine Sand with grains of uniform size weighs nearly the same wlicn 
dry and has nearly the same percentage of voids as sc reened coarse 
sand. I'hne sand with ordinary moisture is, on the other hand, 

lighter and more porous than coarse ^and 170 

Mixed Sand usually weighs more and contains a smaller volume of 

voids than coarse or fine saiul 171 

PROPERTIES OF COARSE OR MIXED AGGREGATE 
Equal Spheres if symmetrically piled in the theoretically most comjiact 
manner w'ould have 26% voids, but by experiment it is found that 
in practice it is impossible to pile them so as to get below 44% 

voids 1 6g 

Voids are approximately equal in the different jiortions of a dry ma- 
terial which has been screened to uniform sizes 170 

Smallest Percentage of Voids occurs in a mixture of sizes so graded 
that the voids of each size are filled with the largest particles which 
will enter them 171 
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SEE PAGE 

Density of .a mixture of coarse stones and sand is greater than that 

of the sand alone 172 

Fuller and Thompson’s Experiments show that the perfect gradation 
of sizes of aggregate ai)pears to occur when the percentages of 
the mixed aggregate j)assing different sizes of sieves arc defined by 
a curve which is a combination of an ellipse and a straight line. . 202 
Gravel, because of its rounded grains* contains fewer voids than 
broken stone even when the particles in cacli have passed 
through and been caught by the same screens 174 


STRENGTH OF CONCRETE AND MORTAR 
With the same Aggregate the strength aiul water-tightness of a con- 
crete or mortar increases as the percentage of cement in a unit 

volume of mortar or concrete is increased 133 

With the same Percentage of Cement the strength and the water- 
tightness of a concrete or mortar usually increases with the den- 
sity 133 

Concrete may often be increased in strength and made more water- 
tight by substituting more stone for a ])orti()n of the sand 173 

Strongest Mortar for any given ])roportions of cement to dry sand by 
weight is obtained from sand which produces the smallest volume 

of plastic mortar 151 

Sharp Sand produces but slightly stronger mortar than rounded sand 1 54® 
Coarse Sand produces stronger and usually more impervious mortar 

than fine sand r47 

Mixed Sand, /. c., sand containing fine and coarse grains, in mortars 
leaner than 1:2, usually produces stronger and more impervious 

mortars than coarse sand 152 

Fine Sand always produces mortars of lower strength than coarse 

sand 147 

Screenings from broken stone usually produce stronger mortar than 
sand 153 


Mixtures of fine and coarse sand or of sand and screenings (or crusher 
dust) often produce better mortar than cither material alone... 150 
Variation of Sand in different portions of the same bank may be util- 
ized by requiring the contractor to mix two sizes without exact 
measurement, so that the material as delivered shall contain not 
less than a definite percentage of sand coarse enough to be re- 
tained on a certain sieve 149 
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form of Saad Grains and mineraiogical nature of sand have but little 

effect upon the strength of the mortar 1540 

Olay or Loam in the sand is apt to weaken rich mortars and 

strengthen lean mortars 154^ 

Gravel vs. Broken Stone Concrete. The dilTcrence in quality is so 
slight that usually the cheaper material may be selected. Gravel 
concrete, because of the smooth, rounded surfaces, appears from 
tests to be weaker than broken stone concrete if the sizes of par- 
ticles in the two cases are alike, but a gravel mixture may require 

less cement because of better gradation of sizes of particles 387 

Wet vs. Dry Concrete. A medium wet quaking mixture gives the 
most uniformly strong concrete. A very wet or mushy mixture 
is best for concrete rubble or rubble concrete, for thin walls and 
columns and for reinforced work. Dr>' mixed concrete may be 


strongest at very short periods 280 

Sxcess of Water decomposes the cement 384 


REINFORCED CONCRETE 

Steel is placed near the tension surface 400 

Beams may be de.signed from tables , 5^9 h>5ii 

Slabs may be designed from tables 512 to 515 

Area of Steel varies from J% to 1% of area of section of beam.. 401 
Tensile Strength of Concrete must not be considered in the design 

of reinforced beams 412 

Yield Point in Mild Steel may be taken as 30,000 lb. per sq. in. . 4^4 
Modulus of Elasticity of Steel averages 30,000,000 lb. persq. in... 402 
Modulus of Elasticity of Stone CoLcrete varies from 1,500,000 to 
5,000,000 lb. per sq. in. An average value may be taken as 

r2, 000, 000 40^ 

The Higher the Modulus of the Concrete the lower should be the 
percentage of steel and the greater the depth of the beam. 
Compression in Concrete and Pull in Steel cannot, with a given per- 
centage of steel, be selected independently since they bear a 


constant ratio to each other 4 ^^ 

High Working Strength in Concrete requires a high percentage of 

steel 519 

High Working Strength in Steel permits low percentage of steel.. 5^9 
^High Carbon Steel, if of a first-class quality, is better than mild 
steel for reinforced concrete 4^4 
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Ginder Concrete requires a low pjercentage of steel 515 

Rods should be Imbedded a proper length in each direction, and 
also, if possible, anchored 465 

WATER-TIGHTNESS OF CONCRETE AND MORTAR 

Excess of Cement increases water-tightness..-.. 339 

Aggregates should be carefully pro])ortioned and graded 339 

Clean Gravel i.s better than broken stone for water-tight concrete.. 339 

Quaking or Wet Consistency produces best results 338 

Lay Concrete in one continuous operation 338 

Layers of Waterproof Material are sometimes necessary 343 

EFFECT OF SEA WATER 

No Cement or other hydraulic product has yet been found which pre- 
sents absolute security against the decomposing action of sea 

water 309 

Fine Sand must never be used in sea water construction 316 

Density and imperviousness arc essential qualities for concrete or 

mortar designed to resist sea water 3 [6 

Sulphates are the most injurious compounds in sea water 310 

Aluminum should be low in P<^rtland cement used in sea water 312 

Lime should be as low as possible in cements used in sea water 313 

Puzzolanic material is a valuable addition to cement for sea water 

construction 313 

Gypsum, for regulating the time of setting, may be added only in 

smallest possible quantity to cements which arc used in sea water 310 

EFFECT OF FREEZING 

Natural Cements may be completely ruined by freezing 320 

Setting and Hardening of Portland cement in concrete or mortar is 

retarded by freezing 321 

Ultimate Strength of Portland cement concrete and mortar appears 

to be but slightly, if at all, affected by freezing 321 

Thin Scale is apt to crack from the surface of walks or walls which 

have been frozen 320 

Heating the Materials hastens setting and retards the action of frost. 323 
Salt Lowers the freezing point 323 
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ms AND RUST PROTECTION 

, SEE PAf V. 

Mix Goncrete Wet to render it impervious 329 

Protection of Steel requires i inch to 2 inches of concrete 333 

Oin^m do not corrode metal 329 


1.9 » 

2.2 

13 

IS 

min. 

I 


DATA ON HANDLING OONOBETE 

Average load of broken stone or gravel for wood wheelbarrow . 2.4 cu. ft. 

“ “ sand for wood wheelbarrow 2.5 “ “ 

Large load of broken stone or gravel for iron wheell)arrow on 

short haul in concrete work 3,0 “ “ 

Large load of sand for iron wheelbarrow on short haul in con- 
crete work 3.5 “ ' “ 

A\'erage load of ordinary concrete* for iron wheelbarrow 

Large “ “ “ “ « « « 

Number of shovelfuls of concrete per barrow in average load . 

ic tt u (( it tt it ti jm-gQ 

Average net time of one man filling wheelbarrow with concrete, 

Quick 

Average quantity concrete* mixed, wheeled 50 ft., and rammed, 

per man, per day of 10 hoiirsf 2.2 cu. yd 

Large quantity concrete* mixed, wheeled 59 ft. and rammed, 

per man, per day of 10 hoursf 3 *• “ 

Average quantity concrete* laid as above with a gang of 15 

men ]>er day of 10 hours| 33 “ ** 

Large quantity concrete* laid as above with a gang of 15 men 

j)er day of 10 hoursf 47 “ “ 

Approximate average quantity of concrete* leveled and rammed 

in 6-inch layers, per man, per day of 10 hours *. . . 11“ ** 

Ap})roximate large quantity of concrete* leveled and rammed 

in 6>inch layers, per man, per day of lo hours 16 “ “ 

Approximate average surface of rough braced plank form built 

and removed by one carpenter per day of 10 hour* 25 sq. 


CHANGING FOREIGN TO AMERICAN MEASURES 

To convert values of kilograms i>er square centimeter to pounds per 
squar^nch, niultiply the former by 14.2 (more exactly 14.2234). 

To cor^^ values of pounds per square inch to kilograms per square 
centimeter, multiply the former by 0.07 (more exactly, 0.07031). 

♦All measuiements of concrete are reduced to terms of quantity in place after ramming. 
fNote that the leveling and ramming, but not the labor on form, are included in this item. 
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To convert values of pounds per square inch to Ions (2,000 ib-; per 
square foot, divide the former by 14 (more exactly 13.89) 

To convert Centigrade to Fahrenheit temperatures, multiply the former 
by 1.8 and add 32® to the product. 

To convert Fahrenheit to Centigrade temperature, deduct 32® from the 
former and divide by 1.8. 

One millimeter =» 0.0394 inch 
One centimeter « 0.3937 ** 

One meter =» 39.37 inches or 3.281 feet 
One square centimeter ~ 0.155 square inch 
One “ meter ~ 10.764 square feet or 1.196 square yards 
One cubic centimeter ~ 0.061 cubic inch 
One “ meter == 35.31 cubic feet, or 1.308 cubic yards 
One liter « 61.02 cubic inches or 0.0353 cubic foot, or 1.057 U. S. liquid 
quarts or 0.2642 U. S. liquid gallon ' 

One gram « 0.0353 avoirdupois ounce 
500 grams « i.i pounds avoirdupois 
One kilogram = 2.2046 pounds avoirdupois 

One tonne or metric ton = 2204.62 pounds or 1.1023 tons (of 2,000 lb.) 

One English penny — $0.0203 

One “ shilling — $0.2433 

One pound ~ $4.8665 

One French franc = $0,193 

One German mark ~ $0,238 
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CHAPTER II 

ELEMENTARY OUTLINE OF THE PROCESS OF 
CONCRETING 

Tliis chapter is not written for cxj^ericnced civil engineers and contrac* 
tors, nor for those who desire to make a scientilic study of methods and 
principles. On the contrary, it is merely an eltmientary outline, indicating 
to the inexperienced tlie various steps which must be taken w'ith this class 
of masonry, fn subsequent cha])tcrs the various divisions of the subject 
are treated in detail. 

''File question as to whether concrete is preferable to some otlier form of 
masonry may often resolve itself into a question of cost. 'Fhe cost, in 
turn, is dependent upon the character of the structure, the rate of labor 
and the price of the various materials entering into the work. Portlaiul 
cement concrete has ])een laid in large masses at as low a jmee as $3 per 
cubic yard, while for thin walls built under disadvantageous conditions the 
cost of constructing molds may cause it to run as high as $30 })er cubic 
Viird, and in the case of ornamental work even above this, before esti- 
mating the ('ost in any case, the materials nulst be chosen and the relative 
proportions of the ingredients determined from a consideration of the 
design of the striuture. 

WHERE CONCRETE MAT BE USED 

By far the largest pro])ortion of Portland cement concrete is laid in 
heavy foundation work and in other structures, sucli as tunnels and sub- 
ways, below the surface of the ground. It is ])eculiarly adapted for foun- 
dations of engines or machinery, hea\y walls, piers, etc. In the former 
the concrete is often carried all the way up to the l)ase of the engine or 
machine, instead of being topped with brick or stone. It is widely used 
for sidewalks or lloors u])on the ground level, and for suspended floors. 
When suitably reinforced with steel, it furnishes probably the most econom- 
ical and effective material for fire proof construction. Its use forw'alls of 
buildings is largely increasing, but on account of the very indefinite time 
required in the building and moving of forms the cost may largely exceed 
the original estimate unless the builder is experienced in this class of W'ork, 
Under favorable conditions, however, a 6-inch wall of concrete will cost no 
more, and usually less, than a 12-inch wall of brick work, and will be 
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Stronger, more durable, and fjre“proof. The strength of concrete columns 
and beams is readily calculated by means of formulas. 

Concrete is destined to be used to a large extent in the construction of 
tanks and vats for liolding various liquids which attack wood and irom 
Their construction is comparatively simple, but the work must be care- 
fully performed if the result is to be permanent and satisfactory. Concrete 
is cspei'ially suitable for all kinds of arches, because the stresses therein 
arc chiefly compressive. ( )ther classes of work for which concrete is largely 
employctl are d.ams, retaining walls, penstocks, ])ridgos, abutments, sewer 
and water conduits, and reservoirs. For ornamental work developments 
are constantly being made, and it is notewortliy that concrete or mortar 
can be cast in molds in a somewhat similar manner to that in which piaster 
of Paris is run for interior decoration. 

SELECTION OF MATERIALS 

Concrete is ordinarily comj)osed of cement, sand, gravel or crushed 
stone, or both, and water. 'Hte selection of each of these materials is 
largely dependent upon local comliiions, and no unallera])le rule can he 
laid down in regard to it, buj. certain genc’*al conditions may serve as a 
guide to the inexperienced. 

Cement. It is a wise rule to use Portland cement for nearly all classes 
of concepte, and the remarks in this chapter are based entirely uj)()n this 
material. Portland cement is more uniform .and Jiorcfore more reliable, 
while its strength is so much higher than Natural cenunt that by mixing it 
with larger proportions of sand atid stone, pu^perly graded, it will usually 
yield better results at less cost than Natural cement. 

If the job is small and unimportant, it is generally safe to select in the 
market a ])rand of Portland cement of American manufacture which has 
a first-class repu'talion, and to use it without testing. As a precaution, 
however, it is usually advisable that samples from a few of I he packages of 
every shipment be tested for soundness. This can be done after a little 
practice with scarcely any apparatus. (.See p. 79.) I"or very important 
concrete construction comj)lcte specifications should be j)rc[)ared before 
purchasing the cement, and a small laboratory established for comlucting 
tests to determine whether it is fulfilling the requirements. (Sec p. 28.) 

Aggregate. The sand and brokrn stone or gravel are termed the 
aggregate. The sand should be ( lean. One may obtain some idea of its 
cleanliness by placing it in the fialm of one hand and rubbing it with the 
fingers of the other. If the siind is dirtv, it will badly discolor the palm, 
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If the Uvsc of dirty sand is unavoidable, its effect upon the strength of the 
mortar should bo investigated. -Preference should be given to sand con- 
taining a mixture of coarse and line grains. Extremely fine sand can be 
•used alone, i)iit it makes a weaker mortar than either coarse sand alone or 
a mixture of coarse and fine sand. 

Either criislicd stone or clean gravel, or both, is suitable for the coarse 
material of the aggregate. It is chielly a question of which can be delivererl 
upon the work at the least cost. If the gravel is chosen greater uniformity 
is attained by screening it over, say a ^-inch mesh screen, and then re- 
mixing the sand whicli falls through the screen with the coarser gravel in 
definite proportions, than by taking the run of tlie bank. If the gravel is 
dirty or clayey it^should lie washed with a hose, a little at a time, before it 
is shovelerl <)n to (lie mixing platform. 

Jiroken stone, if selected, may be used unscreened as it comes from the 
crusher, althougli it is preferable to screen out the dust and to use the 
ialter as a portion of the sand. I'he maximum si/c is usiuilly limited 
to 2^ inches. A smaller si/e than this, say one inch, will gi\e, with less 
care, a finer surface. In a thick wall large sound stones may be placed 
by hand or derrick without detriment to the work, providing the eon- 
.dstency of the concrete is thin enough to projierly imbed them. 

• ' 

PROPORTIONS 

Accurate methods of ])rojx)rtioning the cement and aggregate in concrete 
are discussed in clnqilcr XI, page 183, and if a large or very important mass 
is under consideration, or if the work must be water-tight, the correct pro- 
portioning requires more careful ronsiileration than can be given it in 
this chapter. The method often adopted of [iouring water into the cearser 
material to determine the percentage of voids, and thus finding the qiian- 
lily of sand to use for filling them, is apt to l»e misleading, because so much 
dc])cnds upon the compactness of the stone, due to the method of handling 
it — that is, whether placed quietly, dropped, thrown, or shaken down — 
and because in the majority of cases the sand contains many grains so 
large that they will not enter the smaller voids of the coarser material. 
In a small job it is suHicicntly accurate to select the proportion of cement 
to sand which will give the required strength to the concrete, and then use 
twice as much gravel or broken stone as sand. In figuring the capacities 
of the measures for the sand and stone it must he remembered that a barrel 
of Portland cement weighs 376 pounds, not including the barrel, and a 
bag of Portland cement 94 pounds, and we may assume for convenience 
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that a cement barrel HdIcIs 3.8 cubic feet. This is a fair average measure- 
ment of a heaped ])arrcl, or a barrel with both heads removed — a con- 
venient measure for sand. 

As a rough guide to the selection of materials for various classes of work, 
we may take four proportions which differ from each other simply in the 
relative quantity of cement: 

(a) A Rich Mixture for columns and other structural parts subjected to 
high stresses or requiring exceptional waler-lightncss: Proportions 
I : 1^:3; that is, one barrel (4 bags) packed Portland cement to 
i.^ barrels (5.7 cubic feet) loose sand to 3 barrels (11.4 cubic feet) 
loose gravel or broken stone. 

{h) A Standard Mixture for reinforced floors, beams and columns, for 
arches, for reinforced engine or machine foundations subject to 
vibrations, for tanks, sewers, conduits, and other water-tight work: 
Proportions 1 : 2 \ that is, one barrel (4 bags) packed Portland 
cement to 2 bbl. (7.6 cu. ft.) loose .sand to 4 barrels (15.2 cu. ft.) 
loose gravel or broken stone. 

(r) A Medium Mixture for ordinary machine foundations, retaining walls, 
abutments, piers, thin foundation walls, building walls, ordinary 
doors, side w^alks, and .sewers w'ith heavy walls: Proportions 1 : 2\ : 5; 
that is, one barrel (4 bag.s) packed Portland cement to 2J barrels 
(q.5 cu. ft.) loose sand to 5 barrels (rq cu. ft.) loo.se gravel or broken 
stone. 

[d) A Lean IVEixture for unimportant work in masses, for heavy walls, for 
large foundations supporting a stationary load, and for backing for 
stone masonry: Proportions 1 : 3 : 6; that is, one barrel (4 bags) 
])acked Portland cement to 3 barrels (11.4 cu. ft.) loose sand to 6 
barrels (22.8 cu. ft.) loose gravel or broken stone. 

The above spct'ifications are based ujwn fair average jmictice. If the 
aggregate is carefully graded and the proportions are scientifically fixed, 
smaller proportions of cement may be used for each class of work. 


QUANTITIES OF MATERIAL 

Inexperienced contractors have often lost money by assuming that the 
quantity of gravel plus the (quantity of .sand required will be equivalent to 
the volume of the finished concrete — that is, that 7 J cubic yards of con- 
crete in the proportions of i: 2J: 5 will require 2J cubic yards of sand and 
5 cubic yards of gravel. This is absolutely wrong, since the grains of sand 
fill, to a certain extent, the spaces between the larger pebbles. It is incor- 
rect. on the other hand, to figure a quantity of gravel equal to the total 
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volume of the concrete, because the introduction of the mortar, which is 
always in excess of the actual voids, swells the bulk. 

If gravel or stone having particles of uniform size is used it must be 
recognized that the work will cost from 5 to 10 per cent, more, on account 
of the additional quantity of material required to make a given volume of 
concrete. In measuring the gravel or stone before mixing there will be 
less solid matter in a measure, and consequently more sand and cement 
will be necessary to fill the spaces between the stones. This fact, 
which is often overlooked even hy experienced men, is illustrated in a 
somewhat exaggerated fashion in Figs, i and 2. Here Fig. i illustrates 





Ftg. I. — Diagram illustrating measurement of Dry Materials and the Mixture 
when Broken Stone is of uniform siz^c. (.Vetf 15.) 



Fig. 2.— Dry Materials and Mixture when the Stone is of varying sizes. (See p. 15.) 


the measurement of the dry materials and the mixture produced therefrom 
when the stone has been screened to one uniform size, while Fig. 2 shows 
the dry materials and the mixture when the stone is what is termed “crusher 
run” — that is, of varying sizes as it comes from the crusher. 

It is obvious at a glance that the uniform stone measured in Fig. i con- 
tains less solid stone than the graded stone measured in Fig. 2. 7 'hc spaces 
between the stones in the first case are very nearly equal to the volume of 
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the solid particles, and as the measure of the sand is one-half that of the 
stone, and the particles of cement fill the voids in the sand, this sand and 
cement mixes in between the stones, filling the spaces or voids, and re-^ 
suiting in a mixture but very slightly greater in volume than the stone 
alone. In 'the second case, Fig. 2, the spaces between the large stones in 
the stone measure are filled with graded smaller stones; so that there is a 
much smaller volume of spaces or voids. Hence, when the sand and 
cement, which arc identical with that in Fig. i, are mixed with it the 
volume of mixture becomes considerably larger than the original bulk of 
the stone. Consequently, if vve start with definite projiorlions of materials, 
more concrete will be meide with graded stone — such as “crusher run’’ 
broken stone, or gravel containing various sizes, ranging, say, from J inch 
up to 2 inches — than if the stone has been screened to uniform size. If, 
on the other hand, the i^roportions of the materials are ( hanged on account 
of the fewer voids in the mixed stone, and less sand and cement are used, 
a saving in these materials results. 

Fuller’s Rule For Quantities — 'Fhe simplest rule for determining the 
quantities of materials for a cubic yard of coiuTctc is oiu^ dex ised In 
William B. Fuller. ICxpressed in words, it is as follows: 

Divide it by the sum of the parts of all the ingredients, and the quoti('nt 
will be the number of barrels of I’ortland ( cment required for i cubic yard 
of ('oncrete. number of barrels of cemcmt thus found, multiplied 

respectively by the “parts” of sand and stone, will give the number of 
barrels of each reciuircd for i cubic yard of concrete, and multiplying 
these values by 3.8 (the number of cubic feet in a barrel), and dividing by 
27 (the number of cu])ic feet in a cul)ic yard), w ill give the quantities of 
sand and stone, in frac tions of a cubic yard, needed for 1 cubic yard of 
concrete. 

To express this rule in the shape of formulas: 

Let 

c — number of parts cement; 

^ — number of parts sand ; 

g = number of parts gravel or broken stone. 

Then 


II 


P ^ number of barrels Portland cement required for one 
cubic yard of concrete. 


3*8 

PYsSX ' number of cubic yards of sand required for one cubic yard of 
concrete. 
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3.8 

PXgX - number of cubic yards of stone or gravel required for 


27 


one cubic yard of concrete. 


The following table is made up from Fuller’s rule and represents fair 
averages of all classes of material. The tirst figure in each proportion 
represents the utiil, or one barrel (4 bags), of packed Portland cement (weigli- 
ing 376 pounds), the second figure, the numbcT of barrels loose sand (3.8 
cubic feet each) per barrel of cement, and the third figure, the number of 
barrels loose gravel or stone (of 3.8 cubic feet each) per barrel of cement: 


Materials jor One Cubic Yard oj Concrete, 


Proportions. 

Oment, 

Barn is. 

Sand, 

Cubic yanls. 

Gravel or stone, 
Cubic yards. 

1:2:4 

1-57 

0.44 

O.iSS 


\. 2 i) 

o.fS 

0.91 

1:3.6 

1.10 

0.46 

0.93 

i : 4*.8 

0.85 

0.48 

0.96 


If the coarse material is l^roken stone screened to uniform size it will, as 
is stated above, contain less solid matter in a given volume than an average 
stone, and about 5 per cent, must be added to the (juantities of all the 
materials. If the (oarse material <'ontains a large variety' of sizes 
so as to be quite dense, about 5 j)er cent, may be deducted from all of 
the (|uantities. 

Example materials will be re(|uire(l for six machine founda- 

tions, each 5 feet square at the ottom, 4 feet scjuare at the top, and 8 feet 
high ? 

Answer. — Eac h pier contains 163 ailiic feet, and the six ])icrs therefore 

6 X ^ 

contain ' — 36.2.cu])ic yards. If we select proportions 112^:5, 

27 

we find, multi])lying the total volume by the quantities given in the table, 
that there will be requ. *cd, in round numbers, .j7 barrels packed c'cment, 
16 cubic yards loose sa 33 c ubic yards loose gravel. 


TOOLS AND APPARATUS REQUIRED FOR CONCRETE WORK 

The quantity of tools will, of course, vary with the size of the gang. 
The following schedule is ba.scd upon a small gang of eight or ten men, 
making concrete by hand: 

Eight square pointed shovels, size No. 3, and such as illustrated in 
Fig- 3, page 18. (If a very wet mixture is used substitute small 
coal scoops.) 

Three iron wheelbarrows, Fig. 4, page 18. 

Two rammers, Figs. 90, 100, or ror, jiages 281 and 282. 
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One mixing platform, about 15 feet square, built so substantially that it 
can be moved without coming to pieces, and having a 2 by 3-inch 
strip around the edge to prevent waste of materials and water. 
On a small job this may be of i-inch stuff, resting on joists about 
3 feet apart, provided it is stiffened by being tongued and grooved. 




Fig. 3. — Square Pointed Shovel. {See p. 17.) 



— C'oncreto Wheelbarrow. {See p. 17.) 



One measuring box or barrel for sand, of a capacity for one batch of con- 
crete. A convenient measure is a cement barrel, either whole or 
sawed in two, with both heads removed. It is filled and then lifted in 
such a manner as to spread the sand. 

One measuring box for gravel (see Fig. 5) of a capacity for one batch of 
concrete. 
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Lumber for making and bracing forms. 

Nails and, for some kinds of work, bolts, for forms. 

CONSTRUCTION OF FORMS 

Green spruce or fir lum])cr is suitable for forms. If a smooth face is 
required the surface of the boards or plank next to the concrete must bo 
dressed and the edges tongued and groovetl or beveled. The forms must 
be nearly water-light. The sheeting, which is usually laid horizontal, may 
be T inch, i J inch or 2 inches thick, the distance apart of the studding being 
governed by the thickness selected. The studs must be i>laced not mf>re 
than 2 feet aj)art for i-inch sheeting nor more than 5 feet apart for 2-inch 
sheeting. They must be securely braced so as to withslaml the j)rcssure 
of the soft concrete and of the puddlii^g or ramming. 

The lower portion of a foundation wall in a trench excavated in earth so 
stiff as to stand nearly vertical may sometimes be laid with no form at all, 
and then narrowed in at the top to the recpiired thickness, but if the 
sides of the trench are sloping it is generally (heaper to save concrete 
material by carrying the forms to the l)oltom. A thiii wall may be 



Fig, 6. — Construction of Form when Base of Wall is Spread. (See p. 19.) 
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greatly strengthened by spreading the base, which is readily accomplished 
by starting the boards or plank 6 or 8 inches above the bottom of the exca- 
vation and allowing the soft concrete to flow out under them on both side? 
of the wall so as to make footings, as shown in Fig. 6. The studs may 
run to the bottom, as indicated by the dotted lines, but should be tat>ercd 
and greased so that they may be withdrawn without injury to the 
concrete. » 

For all walls under 9 or 10 inches in thickness, small steel rods ^ or 
J inch in diameter, si)accd about iS inches apart, will greatly increase the 
slilTncss and add to the safety of the structure, csi)ecially while the con- 
crete is hardening. 

F()rms must be left in iflacc for three or four weeks if there is earth or 
water pressure against the wall. If, on the other hand, there is no strain 
upon it, 24 hours setting, or until the coiuTete will stand the pressure of 
the thumb without indentation, is suflicient. 

I'urther descriptions of form constructiim and methods of facing are 
given in ("halier XV. Forms for s|>ecial structures are described and 
illustrated in subsec^uent chapters treating of concrete design. 

MIXING AND LAYING CONCRETE 

The advisability of employing machinery f<ir mixing tlie concrete depends 
chiefly u[)on the ([uanlity to be laid. On a small job the lirst ct\si ( f 
mixing nuichincrv and the running exj)enses, sucli as the labor of the engine- 
man, which continue when the machine is idle, may ])ring the ct>st of ma- 
chine-mixed concrete higher than hand mixed. I'hc decision may be 
based entirely U])<)n the cost ])er cubic yard of concrete laid, })rovidcd a 
first-class machine is employed, since good concrete can l e made either by 
machine or by hand. The various types of concrete mixers and the methods 
of emi>loying them arc di.scusscd in ('hapterXIW 

The foreman for a gang of (om retc mi\(rs need not l;e of great intelli- 
gence, but must be (me Vvho will ol.cy orders strictly, and know how to 
keep all of his men constantly busy. The amount of work turned out will 
depend to (piite an extent on the arrangement of the gang, whether each 
man has certain definite operations to perform over and over again, and 
whether these ojicralions fit into the work of the rest of the gang .so that 
none of the men have klle moments. 

A gang of at least 6 men besides the foreman is required even on small 
v/ork, wliilc as many as 23 men may be ctTectively employed. In addition 
to these, an insjiector is generally neccs.sary to watch the i)lacing of the 
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concrete and see that the mixture is uniform and of proper consistency. 
Cheap laborers, as for instance Italian^, makcf^ood men for mixing and 
transporting the concrete. 

The materials for the concrete ought, of course, to be dep)osited as near 
the work as possible. The cement, whether it comes in bags or barrels, 
must be sheltered from the rain. Covering with plank is insufficient. 
Bags should be ])rotected from moist atmosiihcre; a cellar is likely to be 
too damp. To kcej) the sand and stone as near the mixing platform as 
possible, it may be advantageous to haul the materials as they are required 
from day to day. If ihe sand or stone ])ilc is at any time farther from the 
measuring boxes than a man can proiita])Iy throw with shovels without 
walking, say more than S or lo feel, do not hesitate to have it loaded into 
wheelbarrows and dumped into the measuring boxes. Materials can be 
wheeled in barrows to a distance of lo to 25 feel from the platform at 
al)out the same cost that they can l)e shoveled direct with a long throw. 

There arc many methods of mixing concrete l)y hand, as discussed in 
('hapter XTV, all of whic h with care produce good work. For the con- 
venience of the incx[)crienci‘(l the following diredions for the work of a 
small gang of six men with foremen may be useful. I'hey are given merely 
for illustration, and must bo more or less varied to suit local circumstances. 

Directions for Mixing Concrete. Assume ii gang of four men to 
wlieel and mix the coiurete, with two other men to look after the placing 
and ramming. 

When starting a batch, two mixers shovel or wheel sand into the measur- 
ing box or barrel — which should have no bottom or top — level 
it and lift the measure, leveling the .sand still further if necessary. 
'Fhcy then cmj^ty the cement on top of the sand, level it to a 
layer of even thickness, and turn the dry sand and cement with shovels 
three limes, as described below, after which the mixture should be of 
uniform color. 

While these two men are mixing sanfl and cement, the other two fill the 
gravel measure about half full, then the two .sand men lake hold with them, 
and complete filling it. The gr-tivcl measure is lifted, the gravel hollowed 
out slightly in the center, and the mixture of sand and cement shoveled on 
top in a layer of nearly even thickness.* A definite number of pails arc 
filled with water, and poured directly on the lop of these layers, greater 
uniformity being tlius attained than by adding the water directly from 
u hose. After soaking in slightly the mass is ready for turning. 

♦ Some engineers prefer to spread the stone on top of the sand and cement, while others 
prefer to mix the water with the sand and cement before adding them to the stone. 
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The method illustrated in Fig. 7 of turning with shovels materials 
which have already been spread in layers is as follows: 

Two men, a and 6, with square pointed shovels, stand facing each other 
at one end of the pile to be turned, one w'orking right-handed and the other 
left-handed. Each man pushes his shovel along the platform under the 
pile, lifts the shovelful, turns with it, and then, turning the shovel com- 
pletely over, and with a spreading motion drawing the shovel toward him- 
self, deposits the material about 2 feet from its original position. Repeti- 
tions of this operation will form a Hat ridge of the material, on a line with 
the pile as it originally lay, and flat enough .so that the stones will not roll. 
As .soon as, but not before, a single ridge is complete, two other men, 
c and d, should start upon this ridge, turning the materials for the 
second time, as shown in the illustration, and forming as before a flat ridge 
and finally a level pile which gradually replaces the last. A third mixing 
is accompli.shed in a similar way. 

Fig. 7 gives the po.sition of the piles as the concrete is being turned. 



NEXT BATON 
TO BE 

STARTED HERE 



MAN d 
X 


CD O 

2 NO. TURN 


Kio. 7. — Position of Men and Concrete on Platform while Turning. (See p. 22.^ 
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A portion of the original layers is shown at p, the ridge formed by men a 
and b shoveling from pile p is shown at and the beginning of the 
ridge formed by men c and d is shown at rr. The third turning is not 
shown. 

The quantity of water used must be varied according to the moisture in 
the materials and the consistency required in the concrete. While the 
opinions of engineers regarding the ])roper consistency vary widely, it is 
advisable, the authors believe, for an inexperienced gang to use an excess 
of water. The rule may ])e made in hand mixing to use as mucli water as 
can be thoroughly incorporated with the materials. Concrete thus made 
will be so soft or “mushy’’ that it will fall off the shovel unless handled 
quickly. 

After the material has been turned twice, as described, and as soon as 
the third turning has l^cen commenced, two of tlie mixers who have 
finished turning may load the concrete into barrows and wheel to place. 
They should fill their own barrows, and after the mass has been com- 
])lclely turned for the third time by the other two men the latter should 
start filling the gravel measure for the next batch. 

If the concrete is not wheeled over 50 feet, four exyicrienced men ought 
to mix and wheel on the average about loj batches in ten hours, 'riiis 
figure is based on jiroportions 1:2^: 5, and assumes that a liatcli consists 
of one barrel (four bags) Portland cement with 9.5 cubic feet of sand and 
19 cubic feet of gravel or stone. 

Assuming, as given on page 17, that 1.29 barrels of cement are re- 
quired for i cubic yard of concrete, one barrel of cement — that is, oric 
batch — will make 0.78 culiic yard of concrete; hence loj batches mixed 
and wheeled by four men in ten hours are equi\’alent to cubic yards of 
concrete. This is for the very simplest kind of concreting and makes no 
allowance for the labor of supplying materials to the mixing platform or 
for building forms. 

Placing Concrete. The concrete may be transported and handled by 
any means which will not cause the materials to separate. If mixed 
wet it may be dropped directly from shovels or ])arrows to place, or it 
may be run down an inclined pipe or chute. "Jlic layers should be about 
6 inches thick. For a dry or a jelly-like mixture common s(yuare ended 
rammers are employed and the mass must be rammed until the mortar 
flushes to the surface. Wet concrete must be merely puddled or 
“ joggled ” to expel the air and surplus water. Before placing a fresh layer 
upon work which has set, the .surface must be cleaned of dirt and scum, 
and thoroughly wet. 
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The placing of concrete and the kinds of rammers for different classes of 
work arc discussed more at length in Chapter XV. 

APPROXIMATE GOST OF CONCRETE 

The cost of concrete depends more upon the character of the con- 
struction and the conditicnis which govern it than ui)on the first cost 
of the materials. In a very general way, we may say that when laid in large 
masses or in a very heavy wall, so that the construction of the forms is 
relatively a small item, the cost per cubic yard in place is likely to range 
from $4 to $7. The lower figure represents contract work under favorable 
conditions with low prices for materials, and the higher figure small job? 
and inexperienced men. Similarly, we may say that for sewers and 
arches, where centering is required, the ]>ricc may range from $7 to $14 
per cubic yard. Thin Ijuilding walls under eight inches thick may cost 
from $10 to $20 per cubic yard, according to the character of construction 
and the finish which is given to the surface. 

These ranges in price seem enormous for a material which is ordinarily 
supposed to be handled by unskilled labor, but it must be borne in mind 
that skilled workmen are reijuired for constructing forms and centers, and 
often the labor upon these m^iy be .several limes that of mixing and ])lacing 
the concrete. As a rule, unless the job is a very small one or under the 
personal supervision of a competent engineer, it is cheaper and morc'vsatis- 
factory to em|)lc^y an experienced contractor than day la])or. (Ireen men 
under an inexperienced foreman may not be counted u])on to mix and lay 
over one-half the amount of concrete that will be handled ])y a skilled 
gang under expert superintendence. 

A close estimate of cost maybe reached, in cases where the tonditions 
are known in advance, by taking up in detail and then lonibining the 
various units of the material and labor as outlined below. 

Cost of Cement. As the i)rice of Portland cement varies largely with 
the demand, it is necessary to obtain quotations from dealers for ever} 
purchase. It is such heavy stuff that the freight usually enters largely 
into the cost, and quotations should therefore he made f.o.b. the nearest 
point of delivery to the work. 'Phe cost of hauling by wagon may be 
readily estimated by assuming that a barrel of cement weighs 400 pounds . 
(gross), and that a pair of horses will haul over an average country- road ' 
a load of, say, 5 000 pounds, traveling in all a distance of 20 to 25 miles in 
a day, that is, lo to 12V miles with load. This assumes, of couri»ej„. 
that the teams are good and properly handled. zr ; 
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Having found the cost of the cement per barrel, cleli\ere<l, the approxi- 
mate cost per cubic ) ard i'^ at once olitained from the table on ])age 1 7. 
If, for example, the cost i.s $2 ])er barrel and pro])ortions i:2i*5 
selected, the cost of theienicnt [)ercubic\«ird of conirctcM\ ’ he t.2q X J^.oo 
-- $2.58. 

Cost of Sand. The cost of Svind depends chielly iij on the distance 
h.uilctl. V\ith lalior at 15 (cnts per hour, the cost of loading (iijduding 
the cost of the cart waiting at pit) may be estimated, if liandle<l in large 
{Quantities, at iS cents per < iibic \ard, or on a small job at 27 cents per 
cubic yard. For liauling add one cent for each loofc^et of <lidancc from 
the ])it. The additi<»nal co^.l of screening, if recjuired, u ill vary ^^ith the 
co.irsc'iiess of the material, Imt 15 cents per cubic card may )je i<dlcd an 
a/erage price for this, unless the sand is o])tainod by scrc'cning tlic gra\eh 
^\hcn no allowance need be made. After finding the cost'' of one cubic 
yard of sand, the cost of the sand per cubic \ard of concrete is readily 
iMjjurod from the t4d)le refeurd to. If, for cxamjile, the cost of sand 
s( rc'ciied, loa<lc{l and hauled 1 oco feel is 52 ct‘nts per c ubic \ard, the cost 
f)cr tul)it }ardof c one rete for jiroportions i'2j.5 will be 0.45 X $0.52*“ 

Cost of Gravel or Broken Stone. If bioken stone is used u])on a small 
jol) for the KXirse .iggregalc, it is usu.ilh purchased by the ton or cubic 
)aicl. A 2000 11 ) ton of l)rokc‘n "tone ina\ ])e considcTcd as avcr.iging 
a|jpfo\imately o.c) cubic vards, although ditlercmces in specific gra\i1y 
cause considcTabIc \4»riation. A two horse load is generally considered 
i \ to 2 )ar(ls, the lattc’r (juanlit) recQuiiing ^er^ high "idelicurds. The cost 
( f s< recMiing gia\c*I, if this i" nf’cessa!\, wliilc a \er\ Nariablc item, may he 
estimated at i-ents ])er cubic \aicl Thc*<o 4 of loading giM\el into 
doulde c.irls, with labor at 15 cent" qht hour, nia\ be estimated on a 
"111. ill jol) at ^8 cents pcrcu])ic \ard If h.indled in large cQuanlitirs, 25 
C(Mits is an avcTiige cost. I'he cost of loading includes looscMiing and 
al c) the cost of the cart wailing at the ])it Hauling costs aljcnit one cent 
Q>er cubic yard additional for each 100 fec‘l of distance h.iulcct undc'rload. 
If, to illustrate', the cost of graced pickc'd, scrc'cmed, loadc'cl and hauled 
1 000 feed is 8^ c'c'iits p(*r < ubic card, the cost of the* grace! ])er cubic yard 
of concrete for propi)rtions i . 2i t; cvill be* o gi y ,So 8 ^ 10,7 si- 

For distances up to 300 feet both sand and gracel can be hauled more 
economically by cvhcelbarrocvs than In teams. "I lie cost of loading cchecl- 
b.'irrows is about half the cost of loading carts, cvhile the cost of hauling 
with barrows ])cr 100 feet is aliout four timcf greater. 

Cost of Labor. With an experienced gang w'orking at the rate of 15 
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cents per hour, the cost of mixing and laying concrete, if shoveled directly 
to place from the mixing platform, will average about 8o cents per cubic 
yard, in addition to the work on forms. If, as is usually the case, the con- 
crete is wheeled in barrows, 9 cents per cubic yard must be added to the 
above price for the first 25 feet that the barrows arc wheeled under load, 
and rj cents for each additional 25 feet wheeled. With other rates of 
wages, the cost may be considered as proj)ortionaI. With a green gang, 
the cost will be nearly double the above ligures, but as the men become 
worked in and the organization }>erfected, the cost should approximate 
more nearly the jiriccs given. 

In building construction where the material is mixed by machiner)’^ and 
hoisted to place, there are numerous incidental cxj)enses and delays, so that 
it is not .safe to figure the cost of labor for simply rriixing and laying the 
concrete under ordinarily good conditions at le.ss than Si. 50 to $2.00 ])er 
cubic yard. The cost of materials inu.st be added to this, .so that the co.st 
of the concrete itself laid in place but not including forms nor reinforcement 
is apt to be about $7.50 per cubic yard. Ap[)roximate costs ])ei‘ ( ubic foot 
of finished concrete are given in Chajiter XXIV. 

Cost of Forms. The labor on forms is not included in the above, 'i'hii 
is an extremely variable item. 'Hie co.st of rough plank forms, includ- 
ing labor and lumber for Ixith sides of a 3 foot wall, maybe as low as 50 
I'ents ])er cubic yard of I'oncrete, with other thicknesses of wall in inverse 
pro[)ortion. On elaborate work the iirice, which is really dependent upon 
the face area, will reach several dollars j)er cubic yard of concrete, the cost 
of the form work, in fact, usually exceeding the cost of the concrete. In 
building construction, such as a factory six stories in height of symmetrical 
design, the cost of materials and labor on forms may be estimated at from 
9 to 12 cents ])cr square foot of surface of forms. If forms a<e to be used 
only once, or if conditiims are disadvantageous, these values may be doubled, 
'riic costs vary with the [)rice of lumber, the design of the .structure, the 
design of the forms, the character of the supervision, and the skill of the 
w’orkmen. 

Cost of Steel. I'he cost of bending and placing steel for reinf(^rccd 
concrete is apt to vary from \ to 1?. ^ per ])ound. If, therefore, the cost 
of the steel is about $40.00 per ton or 2^. j)er pound, the cost in place may be 
estimated at 3c per pound. 

THE STRENGTH OF CONCRETE 

The strength of concrete varies (i) with the cpiality of the materials; (2) 
with the (pianlity of cement contained in a cubic yard of the concrete; and 
(3) with the density t)l the mixture. 
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We may say that the strongest and most economical mixture consists of 
an aggregate comprising a large variety of sizes of particles, so graded 
that they fit into each other with the smallest possible volume of spaces or 
voids, and enough cement to slightly more than fill all of these spaces or 
voids between the solids of the aggregate. It is obvious that with the 
same aggregate the strongest cement will make the strongest concrete. 

On important construction the various materials to be used should 
carefully tested, and specimens of the mixture selected made up in advance 
and subjected to test. As a guide to the loads which concrete will stand 
in compression, that is, under vertical loading where the height of the 
column or mass is not over, say, 12 times the least horizontal dimension, 
we may give the following approximate figures as safe strengths, after 
the concrete has set at least one month, for the proportions which have 
previously been selected in this article as typical mixtures. 

The figures, compared with the results of recent ex])eriments on long 
columns, allow with first-class construction a factor of safety of at least four 
at the age of <me month, or about five and one-half at the age of six months, 
and are based on conservative practice. The relative strengths of the 
dilTerent mixtures are calculated from original investigations of the authors 
discussed in Chapter XX. 

Safe Strength of Porihiiui Cement Concrete in Direct Compression, 


Proportions. 

Pounds per 
Hfjuare iiifh. 

Tons pc»r 
iscpiiiru foot. 

1 : li : 3 

500 

36 

1:2:4 

450 

32 

I : 2 J : s 

400 

29 

1:3:6 

360 

26 

1:4:8 

2QO 

21 


- With a large mass foundation, take values one-third greater. 

With a vibrating or t)<)unding load, take one-half these values. 

'Fhe tensile strength of concrete is very much less than the comjwessive 
strength. Experiments made by the authors, with mixtures of average 
proportions, give the ultimate fiber stress in beams not reinforced as about 
one-eighth the breaking strcngtii in compression. For this reason it is 
not safe to use concrete for beams unless reinforced with steel. 
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( 7 IAi>TKR III 

SPECIFICATIONS 

In the following ]kij(CS arc given spccifieations for 

Cement, in ]>ricf, for the small purchaser. (See p. 29.) 

Portland cement, in full, for the large purchaser. (See ]j. 29.) 

NTatiiral cement, in full, ff)r the large purchaser. (See p. 31.) 

(^)ncrete and Reinfon ed C'oncrete, (Sec p. 32.) 

First class steel for reinforced concrete. (See p. 38.) 

These specifications cover all ordinary concrete construction, and are 
ailajited as far as possible for direct use in jilacing contracts for material 
and construction, although concrete sjiecirications for structures of intricate 
design will require the insertion of additional paragra[dis referring sj)eci- 
fically to the jiartic ular work. 

It .sand, .screenings, gravel, .stone, or s(c(‘l are purchased on separate 
contracts, ])aragra])hs 3, 4, 5, or 7 (pp. 33 and 3.^) may be exirai ted from 
the ('oncretc specifit ations. 

'The full specifications for cement are advised for im[)ortant work, whether 
large or small, although the firief sjieiifications which ])n*cede them may 
be sometimes useful. 

Fven when purchasing by the full specitications it may often be unneces- 
sary actually to test the cement, except for set soundness and fineness, but 
tile stru t detail specifications are necessary .so that if the cement is found 
to work unsatisfactorily samples may be subjected to com[>lete tests on the 
ground, or sent to jesting laboratorie.s, and the remainder of the .shi[)ment 
or subsequent shipments rejected. 

Printed specifications are frccpienlly preceded by a “.\oticc to Con- 
tractors” .stating the jilacc and lime of ret eiving bids, the amount of the 
I'heck to be deposited with each bid and the bond reipnred, and sjiecifying 
that the contractor shall give references and shall state what work of a 
similar character he has performed. A “Form of Bid’’ is also sometimes 
inserted. 

The \st)ecilications and contract are ba.sed upon the authors’ practice 
supplemented by a careful study of the refiorts of the Joint Committee on 
(’oncretc and Reinforced Concrete, the Reinforceil ('oncrete C’ommittce (»f 
the .National (Vment Users .Association and the specifications of the Amei- 
ican Society for Testing Materials, of the .American Railway Kngineering 
& Maintenancc-of-Way A.ssociatioii, of the City of Philadel])hia, of the 
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United States Army, of the United States Navy, of the Massachusetts 
Metropolitan Commissions, of the New York kat)id 'Fransil Commission, 
and others. 

BRIEF SPECIFICATIONS FOR PURCHASE OF CEMENT 

'Phe cement ‘shall he a first-class Portlandf cement of a standard brand 
bearing a good reputation. It shall conform to the standard s})ecirications 
of the American Society for Testing Materials. It shall be free from lunijis 
and shall be packed in sound barrels. if 

FULL SPECIFICATIONS FOR PURCHASE OF PORTLAND CEMENT 

1. Packages. C'cmcnt shall be packed in strong cloth or canvas .sacks, 
l\ach package shall have printed upon it the brand and name of the manu- 
facturer. I’ackages received in broken or damaged condition may be rejected 
or accejited as fractional packages. 

2. Weight. Four bags shall constitute a barrel, and the average net 
weight of the cement contained in one bag shall be not less than 94 lb. 
or 376 lb. net [)er barrel. A cement bag may be assumed to weigh one 
pound, 'rhe weights of the separate packages shall be uniform. 

3. Requirements.* Cement failing to meet tin* se\en day recjuinunents 

may be held awaiting the result.s of the twenty-eight day tests before rejec- 
tion. • 

4. Tests.* All tests .shall be made in accordance with the methcvls pro- 
po.sed by the Committee on Uniform Tests of C'ement of the American 
Society of (avil Fngincers, ]n*csenled to the .Society January 21, T903, and 
amended January 20, 1904, with all subseciuent amendments thereto. (See 
Chapter VI 1 , i^age 63.) 

5. Sampling. Samples shall be taken at random from sound packages, 
one from every jo barrels or 40 bags, and mi.xed. 'Fhe total .samjile sliould 
weigh about 10 lb. 

6. * The acce])tance or rejection shall be based on the following re(|uire 
ments: 

7. Definition of Portland Cement.* This term is apijlied to the finely 
pulverized jjroduct resulting from the calcination to intijaenl fusion of an 
intimate mixture of ])ro[)erly proportioned argillaceous 1| and cah areous^f 
materials, and to which no addition greater than 3% has been made sub.se- 
(juent to calcination. 

*Paragraphs dtvsignatfd by an astrri.<%k are quored from tin* Standard Specifications of the Amer- 
ican Society for Testing Materials. 

Natural. 

ilf stored in a dry place to be used immediatelv, it may be packed in stout ckiili or laoxas bags 
which are of course cheaper than barrels. 

5ff the cement is to he stored in a damp plaie or near the sea, it must be p.'Kkrd in well- 
made wooden barrels lined with paper. 

llClaycy. ^Consi.sting chiefly of lime or cah ium. 
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8 . Specific Gravity.* The specific gravity of cement shall not be 
le s than 3.10. Sioul I the lest of cement as received fall below this 
requi ement, a second test may be made upon a sample ignited at a 
low red heat. The loss in weight of the ignited cement shall not 
exceed 4?%. 

9. Fineness.* Itshallleaveby weight a residue of not more than 8% on 
the No. 100, and not more than 25% on the No. 200 sieve. 

10. Time of Setting.* It shall not develop initial set in less than thirty 
’minutes; and must develop hard set in not less than one hour nor more 
than ten hours. 

11. Tensile Strength.* The minimum requirements for tensile 
strong h for briquettes one square inch in cross section shall be as fol- 
lov;s, and the cement shall show no retrogression in strength within 
the periods specified; 


Neiit Cement, 


Age Strength 

24 hours in moist air 175 lb. 

7 (lays (i day in air, 6 days in water) 500 “ 

28 days (r “ “ 27 “ “ ) 600 


One Part Cement y Three Parts Standard Ottawa Sand 


Age 

7 davs (i dav in moist air, 
2<S days (I “ 


• 6 days in water) 

27 “ “ ) 


Strength 
200 lb. 


12. Soundness or Constancy of Volume.* Pats of neat cement about 
three inches in diameter, one-half inch thick at the center, and tapering 
to a thin edge, shall be kept in moist air for a period of twenty-four hours. 

(a) A pat is then kept in air at normal temperature, and observed at 

intervals for at least 28 days. 

(b) Another pat is kept in water maintained as near 70° Fahr. as 

practicable, and observed at intervals for at least 28 days. 

(c) A third pat is exposed in any convenient way in an atmosphere of 

steam, above boiling water, in a loosely closed vessel for five 

hours. 

'Fhese pats to satisfactorily pass the requirements, shall remain firm and 
hard and sliow no signs of distortion, checking, cracking, or disintegration. 

13. Sulphuric Acid and Magnesia. The cement shall not contain more 
than 1.75% of anhydrous sulphuric acid (SO3), nor more than 4% of 
Magnesia (MgO). 

’(‘Paragraphs dedgnateci by an asterisk are quoted from the Standard Specifications of the 
American Society for Testing Materials. 
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FULL SPEOIFXOATIONS FOR THE PtJROHASE OF NATURAL 

CEMENT 

1. Packages. Cement shall be packed in strong cloth or canvas sacks.*!* 
Each package shall have printed upon it the brand or the name of the 
manufacturer. Packages received in broken or damaged condition may 
be rejected or accepted as fractional packages. 

2. Weight. Three bags shall constitute a barrel, and the average net 
weight of the cement contained in one bag shall be not less than 94 11)., or 
282 lb. net per barrel. A cement bag may be assumed to weigh one pound. 
The weights of the separate packages shall be uniform. 

^ 3. Requirements.* Cement failing to meet the seven-day requirements 
may be held awaiting the results of the twenty-eight day tests before re- 
jection. 

4. Tests.* All tests shall be made in accordance with the methods j)ro- 
posed by the Committee on Uniform 'i'ests of Cement of the American 
Society of Civil Engineers, pre.sented to the Society January 21, 1903, and 
amended January 20, 1904, with all subsequent amendments thereto. 
(See Chapter VII, p. 63.) 

5. Sampling. Samples shall be taken at random from sound packages, 
and the cement from each package shall be tested separately. 

6. * The acceptance or rejection shall be based on the following require- 
ments: 

7. Definition of Natural Cement.* This term shall be applied to the 
finely pulverized ])roduct resulting from the calcination of an argillaceous 
limestone at a temperature only sufficient to drive off the carbonic acid 
gas. 

• 8. Fineness.* It shall leave by weight a residue of not more than io% 
on the No. 100, and 30% on the No. 200 sieve. 

9. Time of Setting.* It shall not develop initial set in less than ten 
minutes, and shall not develop hard set in less than thirty minutes, or in 
more than three hours. 

10. Tensile Strength.* The minimum requirements for ' tern ile 
strength for briquettes one square inch in cross section shall be as fol- 
lows, and the cement shall show no retrogression in slrergth wi.hin 
the periods specified: 

*Paragraphs designated by an asterisk are quoted from the Standard Specifications of the 
American Society for Testing Materials. 

flf the cement is to be stored in a damp place or near the sea, it must be packed in wt>]l-made 
wooden barrels lined with paper. 
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Neat Cement. 

Age 

24 hours in moist air 

7 clays (i dav in air, 0 davs in water) . 
38 days (i “■ “ 27 “ “ ) . 


Strcnelh 
75 lb- 


ISO 

250 


n 


One Part Cement ^ Three Parh Standard Ottauui Sand. 

Age Strcngtli 

7 days (r day in air, 6 days in water) 50 lb. 

28 day.s (i “ “ 27 “ “ ) 125 “ 


II. Constancy of Volume.* Pats of neat cement about 3 inches in 
diameter, ono-lialf inch tliick at the center, and tapering to a thin edge, 
shall ])C kept in moi.sl air for a ])erio(i of 24 hours. 

(a) A j)at is then kepi in air at normal temperature. 

(b) Another pal is kept in water maintained as near 70° Pahr. as 

])racticable. 

These pats are ol)scrved at intervals for at least 28 days, and, to satisfac- 
torily jiass the tests, shall rcMuain firm and hard and show no signs cd' 
distortion, checking, cracking, or disintegrating. 


CONTRACT AND SPECIFICATIONS FOR PORTLAND CEMENT 
. CONCRETEt 

('I'lif «• <> p.'i 1 fu alions essentially iMiibo.lv the rei o nniemlalions of tin* joint t'oinniiltee on 
C'oiu ret«‘ aiul Reinforced Concrete (njo i) and llie Rrport of the Reinforc»*d Concrete C'om- 
mittee (1909) of the National Asvociaium of Cement L't-er^.) 

'Fhi.s agreement made this day of in the year 

bv and between leiiing iheccmir.uf.'i 

party of the rir>t ])art, and ^ ..oepted coniraoor ) 

[)arty of the second jiarl. 


Witncsscth: That the jiarties to these presents, each in consideration ol 
the covenants and agreements on the ])arl of the other, herein contained, 
have covenanted and agreed, and do hereby covenant and agree, for them- 
selves and their heirs, executors, administrators, and assigns, and under the 

♦Paragraphs d^•Mgn.lt^•d hy an aMi-ruh ait* cpiotcd from thi* Standard Specifications of thr 
American S()ciety for 'IVsting Maim.-K. 

Jl'or Natural cement concrete paragraphs 1,11 and 14 must he slightly altered, and paragraphs 
7 and ^c omitted. 
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penalty expressed in a bontl bearing even date with these presents, and 
hereto annexed, as follows: 

'Pile contractor shall begin work within days of the date 

of this contrat t, and shall, at his own j>ro|)er cost and expense, j^rovide and 
deliver all of the materials and jx^rform all of the work called for by these 
st>Lcijications, and supply all implements, apparatus, and at)t)liances needed 
in performing the work. 

'Fhe entire work shall be tH>mpIeted on or before 

19 ^ 

1. 0:ment.t The cement shall be lirst-class Portland cement of rej)u- 
table brand which shall conform in all res]>ects to the cement s])ecifications 
herewith amiexe<l. The cement shall be sli)rcd in a building which will 
]n*otect it from the weather. 'Phe lloor u])on which the cement is placed 
shall be at least 6 inches above the ground. It shall be stored so as to 
])errnit of easy access for inspection and identification of each shij)mcnt. 
A sulheient ({uaiitity shall be kept on hand at all times so that the Engineer 
ma) have o|)p()rlunity and time to make tests sunicienl to determine 
its (juality. At least 12 days shall be allowed for inspei tion and iieeessarv 
tests, 

2. Fine Aggregates. 'Phe tine aggregate shall consist of san<l, crushf d 
stone or gravel screenings |>assing when dry* a screen having [ inch diam- 
eter holes or a screen having four meshes to the linear inch. It shall be 
clj in, coarse, and free from vegetable loam and other deleterious matter. 
A gradati(jii of the size ol grain is ]>rcferred. Mortars composed of one 
j)art Portland (’ement and three j)arts line aggregate by weight when made 
into briipiets shall show a tensile strength of at least 70V;. f)f the 
strength of 1 13 mortar of the same consi.slency made with the same cement 
and standard Ottawa .sand. To avoid the removal of any (oating on the 
grains wliich may alTcct the strength, bank sands shall not l)e dried before 
being made into mortar but shall contain natural moisture. 'Phe f)erccnt- 
age of moisture may be determined ujxm a .separate sample fr)r correct- 
ing weight. PTom lo to 40% more water may ]>e reipiired in mixing 
bank or artificial .sands than for staiulard Ottawa sand t<) produce (he same 
consistency. 


*A premium anil forfeiture clause may here be in.scrted, hut a forfeiture ciaui-e without a pre- 
mium in many cases cannot be legally enforced. The word ** penalty’^ should never be employed. 

fit is often advisable that the cement be furnished by the party letting the contract or, to pre- 
vent waste of cement, that it be sold l>v them to the contractor at an arbitrary pr!*.*e per barrel, ■ 
say, about one-half the actual cost of the cement, —which price must he definitely stated in the con- 
tract. 
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3. Coarse Aggregates. The coarse aggregate shall consist of inert 
material such as crushed stone, or gravel, which is retained on a screen 
having \ inch diameter holes. The particles shall be clean, hard, durable, 
and free from all deleterious material. Aggregates containing soft, flat, 
or elongated particles, should be excluded from reinforced concrete. A 
gradation of sizes of the particles is advantageous. The maximum size 
of the coarse aggregate shall be such that it will not separate from the 
mortar in laying and will not prevent the concrete fully surrounding the 
reinforcement or filling all parts of the forms. Where concrete is used in 
mass, the size of the coarse aggregate may be such as to i)ass a 3 inch ring. 
For reinforced concrete a size to pass a x inch ring or a smaller .size may 
be used. 

4. Gravel.* '’Fhc gravel shall l>e composed of clean pebbles free from 
sticks and other foreign matter and containing no clay or other material 
adhering to the pebbles in such (juantity that it cannot be lightly brushed 
off with the hand or removed by di]>ping in water. It shall be .screenedf to 
remove the sand, which shall afterwards be remixed with it in the required 
pro[)orlions. 

5. Broken Stone.* 'I'hc broken or crushed stone shall consist of pieces 
of hard and durable rock, such as trap, limestone, granite, or conglomerate. 
The dust shall be removed by a sand .screen, to be afterwards, if desired, 
mixed with and used as a part of the sand, exce[)t that if the product of the 
crusher is delivered to the mixer so regularly that the amount of dust, as 
determined by fre(|uently .screening samples, is uniform, the screening 
may be omitted and the average percentage of dust allowed for in measur- 
ing the sand. 

6. Water. The water shall be free from oil, acid, strong alkalies, or 
vegetable matter. 

7. Reinforcing Steel.*! Steel for reinforcement shall have an “ulti- 
mate tensile strength of 55.000 to 65,000 i)ounds per sciuare inch, an elasiic 
limit of not less than onc-half the ultimate strength (/. e, not less than 27,000 
lb.) and a minimum elongation in 8 inches of 1,400,000 divided by the ulti- 

♦Omit paragraphs for materials which are not used. If two or more sizes of any aggregate are 
used, deSne them. 

j-In exceptional cases where the relation of pebbles to sand is very uniform, the mixture of sand 
and pebbles may be used without screening. Frequent tests shall then be made to see that the pro- 
portions of the coarse and fine grains are correct. 

tSpccifications for high carbon steel are given in full on page 38. High carbon steel is distiusted 
by many, but may be safely employed if it fulfills the requirements there given, and owing tc it* 
greater strength w'ill be more economical than ordinary merchant steel. 
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mate strength per cent.”* The fracture shall he .<y Test specimens 
for^ bending shall be bent cold to i8o® flat withoc: '-pcture. 

8. Proportions. The proportions of the raw matenai.'. for the concrete 
shall be exactly determined from time to time by the Engineer in accord- 
ance with the relative coarseness of the aggregate, so as to attain as dense 
a concrete as is consistent with the terms of tlie specifications which follow. 
The unit of measure shall be the barrel, which shall be taken as containing 
3.8 cubic feet. Four bags containing 94 pounds of cement each shall be 
considered the equivalent of one barrel. The following paragraphs desig- 
nate the average relative volumes of material for each class of work. 

For f, one barrel (376 lb.) cement to 

cubic feet sandj to cubic feet broken stone, J the cement to be measured 

as packed Ijy the manufacturer, and the fine and coarse aggregate to be 
measured separately as loosely thrown into the measuring receptacle. If 
the coarse aggregate contains sand or other fine material, that which passes 
a sieve with J inch round holes shall be considered as sand in measuring 
proportions. In general, the concrete on the work shall contain enough 
and only enough mortar to cover all particles of stone and fill the voids 
without an appreciable excess of mortar. 

9. Hand Mixing.^ If the concrete is mi.xcd by hand, the cement and 
aggregate shall be mixed and the water added on a tight platform large 
enough to provide space for the partially simultaneous mixing of two batches 
of not more than one cubic yard each. The sand and cement shall be 
sf)read in thin layers and mixed dry until of uniform color. This mix- 
ture may ])e spread upon the layer of stone or the stone shoveled upon 
it before adding the water, or it may be made into a mortar before spread- 
ing it with the stone. In the former method the materials shall be turned 
at lea.st three times, — in addition to the mixing of the sand and cement 
already mentioned, the water being added on the first turning,— and in 
addition to the shoveling from the platform to place or into the vehicle for 
transportation. In the latter method, that is, if the sand and cement are 
first made into a mortar, the mass of mortar and stone shall be turned at 
least twice. Whatever method is employed, the number of turnings shall 
be sufficient to produce a resulting loose concrete of uniform color and 

♦Suggested for structural steel by the Committee on Boston Building Laws of the Boston Society 
of Civil Engineers. 

j-Inscjt a description of portion of structure. Repeat paragraph as required. 

$If other materials are selected for the aggregate alter the wording accordingly. 

§With an experienced contractor this paragraph may be abbreviated to substantially the form 
of the final sentence. 
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appearance, with the cement uniformly distributed through the mass, the 
stones thoroughly incorporated into the mortar and the consistency uniform 
throughout, tluis producing a ('oncrete uniform in color and homogeneous. 

ro. Machine Mixing.* If the concrete is mixed in a machine mixer 
a machine shall be sele( ted into which the materials, including the water, 
can be precisely and regularly ])roportioncd, and which will produce a 
concrete of unib)rm consistency and color with the stones and water thor- 
oughly mixed and incorporated with the mortar. 

/ 1 1. Consistency, {a) A medium or (piaking mixture of a tenacious, 
jelly-like consistency, which (jiiakes ramming, shall be used for ordinary 
mass concrete, such as foundations, heavy walls, large arches, [)iers, and 
abutments. 

{b) Wet or mushy cont rete, so soft that it will How when agitated, but 
not so wet as to produce* a separation of the materials in transferring to 
the work, shall be used for rubble concrete, and for reinfoned concrete, 
such as thin building walls, columns, doors, conduits, and tanks. 

12 . Placing Concrete, ('oncrete shall be conveyed to j)late in such 
a manner that there shall be no distinct .separation of the different ingredi- 
ents, or, in cases where such separation inadvertently oc( urs, the concrete 
shall be remixed before placing. It shall be placed in the work immediately 
after mixing and deposited and rammc^doragitatc*d by suitable tools in such a 
manner as to j)ro(luce thoroughly compac t c oncrele of maximum density. No 
concrete shall be plac ed until the re inforcing .steel has been placed and firmly 
.secured by wiring or other methods to j)a‘vent clisplaccmenl. ('onerete 
shall be frecpicntly wet for several days to prevent too rapid drying out. 
('oncrete shall not he j)lace(l in water, unless unavoidable. W here eem- 
crete must l)e j)lacc(l under water, unusual care must be taken to prevent 
the cement from being lloatcd aw^ay, 'I'his usually c'an be accomplished 
in still \valer by i)lac ing the cemerete through a large ])ipe or tube, or in 
large work by means of a bottom dum}> conc rete bucket. 

Before j^lac ing frc.sh concrete, all shavings and debris of ever}' nature 
must be removed and the old eoneretc surface thoroughly c leaned from 
all dirt and seiim or laitam e and drenelied with water. t Notic eable voids 
or .stone j>c)ckets discovered w’hen the forms are removed shall be filled 

♦Mixing bv maihinr is prc*ffrri*d because the most thor )ugh and uniform coiiMstcncy casi be 
thus obtained. 

■j-l'ar.ks and other .•‘tructure.'- having rhiii walls to resist water pressure should be biulr prefer- 
ably as monoliths, that is, with no intenuption in the work, proceeding, if necessary, night and 

day. 
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immediately with mortar mixed in the same [iroportions as the mortar in 
the concrete. The lines and grades of t he com pleted concrete shall accurately 
conform to the plan annexed to and forming a jiart of these specifications. 

13. Placing Reinforcement. The reinforcement shall accurately con- 
form in the finished structure to the plans annexed to and forming a jiart 
of these siiccifications. All reinforcement shall be free from rust, scale or 
coating of any character which would tend to reduce or destroy the bond 
Before placing concrete the reinforcement must be jilaced in the [)osition 
required in the finished structure, and each jiiece or member so firmly fixed 
as to positively prevent any subsequent displacement. 

14. Freezing Weather.* (Concrete for reinforced concrete structure? 
shall not be mixed or deposited at a freezing temjierature, unless special 
precautions are taken to avoid the use of materials containing frost and to 
provide means for jireventing the concrete from freezing after being ])laced 
in })osition and until it has tiioroughly hardened. 

15. Forms, 'rhe lumber for the forms and the design of the forms 
shall be adapted to the structure and to the kind of surface recjuircdon th ‘ 
concrete;, h'or exjiosed faces the surface next to the concrete shall be dressed, 
b'orms shall be substantially built and secured to jirevent movement or 
dertection during concreting, and tight to jirevent leakage of mortar. Before 
the removal of forms, the concrete shall be carefully inspected and its 
.strength a.sccrtained. Much care .shall he given to this portion of the work, 
which is fraught with danger under imomjietenl direi tion. No exact time 
for the removal of forms can be .safely pre.scribed becau.se of the varying 
character of the work, the variations in the setting of dillerent cements 
and the inlluence of atmospheric conditions. Forms shall be thoroughly 
cleaned before being used again. 

t6. Joints. 'rem|>erature changes and shrinkage during setting neces- 
sitate joints at freijuent intervals or else effective reinforcement, def)cnding 
u{)on the range in temperature and the design of the structure. In ma.ssive 
work, such as retaining walks, abutments, etc., built without reinforcement, 
joints shall be provided approximately every 30 feet throughout the length 
of the structure. (lirdcrs shall never be constriu ted over freshly formed 
columns without allowing a period of at least two hours to elap.se to permit 
settlement in the columns. Before resuming work the top of the column 
shall be thoroughly cleansed of foreign matter and laitance. 'ro obtain 
tight joints between old and new concrete the old surface shall be roughened, 


♦Natural cement concrete must never be exposed to frost until thoroughly hanl and dry. 
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thoroughly cleaned of all foreign material and laitance or scum, drenchco, 
and slushed with neat cement or a mortar not leaner than one part 
Portland cement to two parts tine aggregate. Joints in reinforced concrete 
shall ^ he avoided when j)ossihle by casting the entire structure at one 
operation. In building construction, joints may be made in the columUvS 
flush with the lower side of the girders, and joints in members of a floor 
system in general shall be made at or near the center of the span. In all 
cases joints shall be at right angles to their surfaces. 

lyn.* Ordinary Surface. Surfaces shall have no special treatment 
further than care in ijlacing the concrete to avoid noticeable voids or sbm: 
pockets. Forms shall be wet (except in freezing weather) before placing 
the concrete against them. 

1 jb* Exposed Faces. Faces exposed to view shall be made smooth by 
thrusting a spade or chisel through the concrete close to the form to force 
back the large stones and prevent stone pockets. The forms shall be 
thoroughly wet or greased with crude oil before plat ing the concrete against 

them. On removal of the forms, surfaces shall be t 

r7c.* Mortar Surface. Moldings, cornices, and other ornaments re- 
quiring mortar surface, shall be formed by spreading plastic mortar upon 
the interior of finely constructed molds, just as the concrete Js being laid. 

i8. Oonstruction Details.* (Here may be jilaccd descriptive para- 
graphs referring to special parts of the structure.) 

rg. General Requirements. Imperfect work or materials, or work or 
materials which may become damaged from any cause before its acceptance, 
shall be properly replaced to the satisfaction of the Fngineer. 

Foremen emfiloyed by the contractor shall be skilled in concrete mixing, 
and they shall n?ceive,and obey orders -from the Engineer. 

No claims for extra work shall be allowed unless made in WTiting previous 
to its performance and signed by both parties or by their authorized repre- 
sentatives. 

In case of disagreement as to the meaning of the terms of the contract 
or as to the manner of its execution, one arbitrator shall be ap])ointed by 
each party within one week after notification in writing by either party, 
and in ca.se the.se cannot agree, a third arbitrator shall be .selected by these 
two, and the decision of the majority of the arbitrators shall be final and 
binding on both parties. The cost of this arbitration shall be divided 
equally between the two parties to this contract. 

♦.'Xlcct ont* or more paragraphs from 17a, i7h and 17c. 
fState kind of finish desired, sec page 288. 
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20. Prices for Work. I'he following prices shall be paid to the con- 
tractor as full compensation for the furnishing and use of all materials and 
implements required on the work and for all labor. 

(Here shall be inserted all unit prices for all divisions of the work, or the 
lump sum for the entire work, or the lump sums for different divisions of 
the work, or for alternate proposals, followed by a paragraph staling the 
manner and time of payments and the amount withheld each ni<mth.) 

In witness whereof the parties to these presents have affixed their hand 

and seals this day of , 19 

Signed in the presence of 

(Seal) 


(Seal; 


Bond to Accompany tuk C'ontract.* 
Know all men by these presents, That we 


as sureties, are held and lirmly bound unto 

in the sum of dollars 

($ ), to be paid said , for which 

})ayment, well and truly to be made, we bind ourselves, our heirs, executors 
and administrators, jointly and severally, firmly by these presents. 

I'he condition of this obligation is such, that if the above bounden 


heirs, executors, administrators or assigns, shall in all things stand to and 
abide by, and well and truly keep and perform, the covenants, conditions 
and agreements in the foregoing contract on his or their [)art to be kept and 
performed, at the time and in the manner therein specified, and shall in- 
demnify and save harmless the said 

as therein stipulated, then his obligation shall become and be null and 
void; otherwise it shall be and remain in full force and virtue. 

In witness whereof we hereunto set our hands and seals on this 

day of in the year nineteen 

hundred and (Seal) 

(Seal) 

Signed and sealed in presence of 


♦Form adopted by Metropolitan Commissioners, Masj 
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SPECIFICATIONS FOR FIRST CLASS STEEL TO BE USED IN 
REINFORCED CONCRETE.^ 

1. Process of Manufacture. Steel shall be made by the open hearth 
jmxess. 

2. Chemical Properties. Steel shall conform to the following limits 
in chemital composition: 

IMios[>horus shall not exceed 0.06. 

Sulj)luir shall not exceed 0.06. 

Manganese shall n»)t exceed o.tSo*or be below 0.40. 

3. Physical Properties. 'Fhc steel shall conform to the following 
physical (jualities: 

4. Tensile Tests, Tensile strength in pounds ])er sepjare inch shall 

be not less than 85000 

Yield ]K>int in pounds per scjuare inch shall be not less than 52500 

Elongation ])er <'ent. in eight inches shall be not less than 10 

5. For material less than live-sixteenths inch and more than three- 
fourths inch (J") in thickness the following modifications shall be made 
in the reijuirements for elongation: 

{a) For each increase of one-eighth inch (J") in thickness above three- 
fourths inch (j") a deduction of one per cent. (1 9,'.) shall be made from 
the sp.rilied elongation. 

{li) h’or material from j inch to, but not including, i\, inch thiik the 
elongation shall be 8%. 

For material from ^V. inch to, but not including, [ inch thick the 
elongation shall be 7 S'. 

For material from i inch to, but not including, im h thick the 
elongation shall be 

hor material less tlian J inch thick the elongation shall be 5% 

6. t^endinjj^ Test. 'lest specimens for bendingf shall be bent cold to 
the following angles without fracture on the outside of the bent ])ortion: 

Around twice their ou*n diameter. Around their irwn diameter. 

For spei'imens 1 inch thick 80® For specimen^ {- inch thick 130°. 

For s])ecimens J inch thick 90® For specimens fV, inch thick 140^'. 

For speumens \ inch thick 110® For sj)ccimens J- inch thick 180® 

♦Srccl of lliis liarJncss shoiiKl n«jr bo unless cnout'h of it is to be bought to warrant the 
nuking of complete tesits as per spec. ions. Ordinary mill] steel may be purehased int’. r 
open market without specifications. In using steel bought in open market, it is not .safe focouct 
on a tensile strength oreater than 55,000 lb. -Fri-ofric k W. Taylor. 

tThe most important test of all is the bending test, but any soft steel will stand the bendin;; 
test, so that the tensile test is needed to secure a stael which is strong enough. 



SPKCIFICATTOX^ 


39 


No steel which fails to pass the bending lest shall under any circum- 
stances he used. 

7. Test Pieces and Methods of Testing. Where practicable the 
standard test specimen of eight-inch (8") gaged length shall be used to 
determine the physical })ropc‘rtics sj)ecir)ed in paragraphs Nos. 4 and 5. 
'fhe standard sha})e of the test s|.)ecimeii b)r sheared plates shall be as 
shown by the following sketch; 
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h’or maferial from whii h it i.s impracticable to obtain test sj)ecimcns 
like tho.se for sheared ])lates, the test sjjetimen may be pl:me<l cr turned 
parallel throughout its entire length, and in all ( a.ses where j>ossible two 
o|){)osite sides of the test specimen shall be the rolled surfaces. Small 
rolled bars of uniform .section shall be tested full size as rolled. 

tS. All test sjx'cimens shall be vut from the hnished material as it 
c imes from the rolls, unless such materials arc to be annealed, in which 
case the test .si)ecimens will be taken after the annealing process. In ca.se 
.several sha])es are rolled from one heat, two lest specimens wall be taken 
from tw'o different sha])es, repre.senting their class, for tension, and two 
for bending. When only one shape is rolled from a heat, two test s|)eci- 
mens for tcn.sion and two for bending will be taken from eai h fen tons 
or fraction thereof. 

c;. Where practicable the bending test specimen shall be one and 
one-half inches (i.V') wide, and for material three-(|uarler.s im h fj'') 
less in thick ne.ss, this specimen .shall have the natural rolled surface on 
two coj)jjositc .sides. For material more than threc-cjuarters inc h (J") thick, 
the bending lest specimen may be cut to one-half inc h (J") thick. 

10. I'he bending test may be made by pre.ssure or by blows. 

11. In case a test specimen develo|)s flaw's or in ca.se it breaks outside 
(if the middle third of its gaged length, it may be discarded and another test 
specimen sub.stituted therefor. 
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12. For the purposes of this specification, the yield point shall be deter- 
mined by the careful observation of the drop of the beam, or halt iu the 
gage, of the testing machine. 

13. In order to determine if the material conforms to the chemical 
limitations prescribed in paragraph No. 2 herein, analysis shall be made 
of clean drillings taken from a small test ingot. 

14. Variation in Weight. A variation in cross section or weight of 
more than 2^% from that Sf)eciricd will be sunficient cause for rejection. 

15. Finish. Finished material must be free from injurious seams, 
flaws, or cracks, and have a workmanlike finish. 

16. Annealing. All bars which, owing to their shape or size, are 
liable to be under strain after cooling, must be reheated t(^ a temperature 
not less than 1250^ (Fahrenheit) nor more than i375‘\ and this heating 
and subseciucnt cooling must be done in an approved manner. 
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CHAPTER IV 

THE CHOICE OF CEMENT 

When the construction unrlor consideration is not of a !j;racie to warrant 
the testing of rlilVercnt (cments ])cfore making a selection, llie (jiieslion 
often arises as to whether, for example, Portland or Natural cement is 
most desirable fron the standpoint of economy, or whether common lime 
or a mixture of lime and cement is Miitahle for tin* purpose. 

Although the decisions mn.'^l often ih'pend. upon hual conditions, a few 
general rules may be formulated relating \o {hv (lasses of lonstruction for 
which <lilTercnt kinds ('cment and lime are a(la))te(b followed by illustra- 
tions of the methods for making a selet lion where tliere is a choice between 
two cements and between different brands of lh(‘ ^ame cement. 

THE CLASS OF CEMENT 

Portland Cement should be used in lomnle .ind morlar for structures 
subjected [o severe or repeated ^tresse-^; for slrii(luri‘s retjuiring ^t^ength 
at short y)eriods of time; bu* ('oiu rete building ( onslriK tion; for work laid 
under water or w’ith w’hich watc'r wall ((»me in (‘onla( I immediately after 
plating; for thin walls subjeiled to water pressure; for masonry exposed to 
wear or to the element'^; and for ail other purj)o.-es where ils cost will be 
le'^s than that of Natural cement (oncrete, or moitar ot similar (jiialily. 

Natural Cement may be >ubsti‘iuted for Poriljiml in (oncrele, if eionomy 
demaiuN it, for dry inu'xpo^ed found. ition.s where the load in com[)r(s.sion 
can never exceed, say, 75 lb. |)er s(juare iiu h fs t<'n.s per sep ft.) and will 
not be imposed until three months after placing; for bac king or tilling in 
massive conc'rete or stone masonry where weight and ma.ss are the 
essential elements; for sub-pavements of .streets, and for sew'er founda- 
tions. 

In mortar Natund cemcait is adapted for ordinary brii'kwork not .sul) 
jeeted to high w’alcr pressure or to contat t with water until, .say, one month 
after laying, and for ordinary stone masonry where the chief requisite is 
w’^eight and mass. 

Natural cement concrete (;r mortar should ne\'er be allowed to freeze, 
should never 1)C laid under water, in expo.sed .situations, in columns, beams, 
floors or building walls, or in m.arinc construction. 
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Mixtures of Portland and Natural Oements, unless mixed at the factory 
and sold as Improved ivTatural Hydraulic Cements, are not advised under 
any ('onditions. 

Sand Cement* is recommended by the United States Army lingincers 
for groutingt, and it is sometimes employed as a substitute for Natural 
cement. Its use in place of pure Portland cement is often worth investiga- 
tion and testing in combination with the aggregate. 

Puzzolan or Slag Cements are limited to certain proper uses by the 
engineer officers of the U. S. ArmyJ as follows: 

Puzzolan cement never becomes extremely hard like' Portland, but 
Puzzolan mortars and concretes arc tougher or less brittle than Portland. 

The cemcni is well adapted for use in sea water, and generally in all 
positions where constantly ex])osed to moisture, such as in foundations of 
l)ui](lings, sew'crs, and drains, and underground works generally, and in the 
interior of heavy masses of masonry or concrete. 

Tl is until for use when subjected to mechanical w^ear, attrition, or 
blows. It sliould never ])C used where it may be exposed for long periods 
to dry air, even after it has well set. It will turn white and disintegrate, 
due to the oxidation of its sulphides at the surface under such exposure. 

Hydraulic Lime, wliich lias the ])ropcrty of setting under water, is extent 
sively enijiloycd on the conlinent of Kurope, esiiccially in France, when 
in the United Stales common lime would lie used, and frequently in ]ilaco 
of hydraulic cement. Hclon C'oignet is a mixture of hydraulic lime with 
cement and sand. ('andIot|| gives as the jiroportions most fre([uently em- 
ployed, T cubic meter (,^5.,^ cu. ft.) sand, 125 to 150 kilograms (276 to 33 r 
lb.) lime, and 50 to 60 kilograms (no to 132 lb.) cement. Hydraulic 
lime is not manufactured in the United Stales. 

Common Lime is not suitable for a jirincipal ingredient in concrete. 
It will not .set in (ontact with water, sustain heavy loads, or resist wear. 

'Pile use of lime mortar, in the building laws of some cities, is limilcfl to 
chimney construction in frame buildings, w'hilc other cities |)ermit its Ui>e 
in wxilLs of all except fireproof buildings. The Boston building law's (1896) 
limit the slrc.s.'^e.s on brii k lai<l in lime mortar to 7 Ions per square foot. 

Lime and Natural Cement mortar is suitable for ordinary building 
brickwwk, for light rubble foundations and for building w'alls. 

Lime and Portland Cement mortar is adapted for the same purposes 

p.igp 48. 

•j'Profcssion.il Papers Nu. i8. 

^Professional P.ipers No. 28. 

§See Chapter XVI, bv U. Feret. 

IlCimcnts ct Ch.uix Hvdr.iuliques, 1^98, p. 289. 
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as mortars of lime and Natural cement, but are of superior quality and 
strength. 

Hydrated Lime* is })refcrahle to common lime paste or putty for use 
with Portland cement, because if j)roperly manufactured it is more thor- 
oughly slaked and is easily handled and measured. 

Choice Determined by Cost. — When the character of the structure 
admits of either Portland or Natural cement, the choice is based upon the 
relative cost, which, in turn, is dependent upon the ]>roporlions that may 
be adopted in either case. Tlie sand in Portland cement mortar is usually 
limited, by i)ractical considerations of handling with the trowel, to propor- 
tions i: 3 in some instances and to 1:4 in others, while the most common 
proy)orti()ns for Natural cement mortar are i ; 2, that is, one |)art cement to 
two parts sand, by volume. 

The relative cost, after assuming the ])roportions (»f the two substitute 
classes of mortar, is governed primarily by the quantity of cement in a 
('ul)ic }ar(l of mortar, h'or example, from table on page 229, 3.32 bbl. 
of cement (based on a barrel of 3.8 cu. ft.) are rcMyuired per cubic yard of 
r;2 mortar, while 2,48 bbl. are recpiired for 1:3 mortar. Hence, if a 
decision lies between i: 2 Natural mortar and i: 3 Portland mortar, and 
the smaller item t)f (|iuinlity of sand is disregarded, the mortar j>roduced 
from Natural cement at $r.oo per barrel will cost the same as that i)roduced 

from I'ortlund cement at ($i.oo X - $1.34 per barrel. Similarly, 

.since 1:4 mortar requires T.98 bbls. of cement per cubic yard, Portland 
cement mortar one part cement to 4 parts sand is ecpiivalent in cost to i : 2 
Natural cement mortar when Natural cemeul is $[.oo ])er barrel and 

3.32 

Portland cement is ($1.00 X ' )" $i.68 ])er barrel; that is, when Port- 

T.98 

land cement delivered on the job costs 68% niorc than Natural cement. 
Allowance for difTercnce in (|uanlily of .sand brings tl)e Portland value.s still 
lower, as .shown in the table on page 45. With Portland and Natural ce- 
ment mortars of equal cost, the Natural cement produces brickwork of 
lower cost because, a fact usually overlooked in estimates, a bricklayer can 
lay in a given time about 10% more brick with Natural cement mortar 
of proportions 1: 2 than with Portland cement mortar of proportions, 
say, 1:3. 

From the results of the comparatively few available tests, Portland 
cement concrete at the age of six months appears to be at least three times 

♦See S. Y. Brigham in Engineering News, Aug. 27, 1903, p. 177, and Charles Warner in 
Rock Vroducts, Ifeb., 1904, p. 26. 
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as strong as Natural cemont concrete in the same proportions, while at 
earlier periods the ratio is still larger. Since I\)rtland cement concrete 
mixed i : 2: 4 is only about j \ times stronger than a i :4: 8 Portland mixture, 
it is very evident that the choice between Portland and Natural cement 
for concrete is determined, as in mortars, by j^ractical considerations 
other than relative strength. 

The following elementary exam|)le illustrates the method of estimating 
the comparative cost of Portland and Natural cement concrete: 

Example. — What price tan be paid per barrel for I\)rtlantl cement to 
make a coturetc 1 : 4: S of equivalent cost to a t: 2: 4 Natural (ement con- 
crete, if Natural cement tosts $1.00 per barrel, sand S0.75 per cubic yard, 
and Slone having 45' J voids $1.50 i)er cubic yard? 

Solution. --- Hy reference to th(‘ table of quantities of materials on page 
17, we find that the 1: 2:4 Natural concrete will cost per cubic yard for 
materials only: 


1.57 harn’ls < t'nicnt al $1.00 

o. 44 ('ubic v.inK saial " 0.7:5 0.^44 

o.SS “ “ Slone “ 1.50 1.52 


'Potal malerials Si 22 

The sand and stone for the 1 : 4:8 IN)rt]and mixture will tost, on the othei 
hand, per cubic yard of concrete: 


o.4S('ubie N.inls sandal S0.75 So. 40 

0.9b “ “ stone “ 1.50 i.jj. 

(’ost of s.ind and stoiu* Sj.So 


Subtracting $1.80 from $^5.22 leaves a difference of Si. 42 which may ])e 
paid for the Portland lement in one cubic yard of concrete, and since by 
the (|iiantily table 0.85 barrels of cement are re(juired for a cubi<' \ar(l td 
1:4:8 concrete, the price for the Portland cement may be $1.42 0.85 

per barrel. 

If the Natural cement had cost $1.25 ])er barrel, the price which could 
have been jiaid for Portland would have been a]d)roximately 25‘v^ 
higher or $2.00 l>er barrel. 

This determination may be expressed in a formula: 
am-rbn~\~cr — 

in which a, h, and r represent respectively the quantities of cement, sand, 
and stone required for a cubic yard of the Natural cement concrete, and 
w, n. and r their respective unit costs, while (/', and t' represent similar 
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quanlities for the Portland content concrete, and .v the rec^uired price per 
barrel of the Portland cement. 

The following table is made out on this basis. 


Prices oj Portland Cement to prodntc Mortar or Concrete of equal cost to that from 
Natural Cement at Si.oo per barrel. (See p. 14.) 
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The erjuivaleiu prices for Portland cement in mortars will be still nearer 
the price fc.)r Natural if allowance is made for the* differcMiee in the* labor of 
laying brick, which in some cases may corn'sj>ond to a dilTerencc* of :;o 
ecMils per barrel of cement. It is evident from the table that for mortar 
Portland can rarely be substituted for Natural cemcait without inciTasing 
the cost of the work. .\ held still open for investigation is the emplovment 
as a substitute for Natural cement of Portland ccancMit mixed with slak(‘d 
lime or liydrated lime. 'Fhe lime is so linely divided that it tills the voids 
and thus permits the use of more sand. 


SELECTION OF THE BRAND 

A precise compari.son of costs of different brands of the .same class of 
cement is impossible without thorough laboratory tests, desc ribed in 
Chapter VII, page 63. If the choice lies l)etwT(‘n two cements both of 
which have been found to be sound (see j>. 77) and to set u]) ])roperly, the 
degree of fineness, which may be readily a.scerlained with two sieves as 
described on page 67, is an aid to the decision. The finer cement will 
usually produce the stronger mortar. 

The cheapest cement is not always the most economical. A method of 
cc^mparing the relative ec'onomy of cements ofTered by birldcrs at dilTerent 
prices is illustrated in the following table for which the authors arc indebted 
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to Mr. D. M. Andrews. Ten brands of Portland cement were submitted 
to the Government at prices ranging from $2.77 to $3.2 q.* Experiments 
showed that samj>le N(j. 5 was the strongest, with No. 4 a close second. 
The relative strcMigth of the different brands in proportions 1:3, based 
on the strongest as 100.0, is given in the column headed Relative Strength 
u\ Mortar, and the column following this gives the product of the relative 
strength multiplied by the relative cheapness. .In the case under con.sidcr- 
ation brand No. 5 was selected for purchase, because, although No. 4 
gave higher economy, it appeared slightly unsound. Other data with 
reference to each brand was observed, including the volumes of the barrels, 
their gross net weights, the ])ercentages of water used in mixing the pastes 
and mortar, the time of .setting of the mortar, and the strength and relati\e 
economy of mr)rtars with sand proportioned to ])rice of cement, that is, f(3r 
example. Using more sand with cement No. 10 than with No. r, because 
the former’s price was k/ greater. 

+'rh«; [iriri' of Portland ccnxMit has sincr Ivfn in.itcriallv loweri'd. 


Helaiive hlronnmy of l'iif}ercut VrUcf! Portlntul ( 
n\ I). M. Andkkws. 
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CHAPTER V 

CLASSIFICATION OF CEMENTS. 

From an engineering standpoint, limes and cements may be classitied as 
Portland cement. 

Natural ccmenf. 

Puzzolan cement. 

Hydraulic lime. 

Common lime. 

Typical analyses of each of these arc presented in the following table 
The composition of Natural cement, even ditTerent samples of the same 
brand, is so extremely variable that their analyses cannot be regarderl as 
characteristic of locality. 


Typical Analyses oj Cements. 
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*W. F. Hillcbrand, Society of Chcmiral Tnclustry. 1902, Vol. XXT. 

*W. F. Hillebrand, Journ.il American Chemical S<Kiety, 1903, 25, 1180. 

^Clifford Richardson. Hrickhuitder, 1897, p 229 
*Stanger& Blount, Mineral Industry, Vol. V, p. 69. 

^iTandlot. Ciments et Ch.'iux Hydrauliques, 1898. p. 174. 

®Le Chatelier. Annales dcs Mines. Scjptemlxr and October, 1893, p. 36. 

^Report of the Board of U. S. Army Engineers t>n Steel Portland Cement, 1900, p. 52. 
®Candlot, Ciments et Chaux Hydraulique.s, 1898, p. 24. 

®Rockland’Rockport Lime Co. 

‘^Western Lime and Cement Co. 



48 


A TREATfSK OX C()X('Rj/rK 

PORTLAND CEMENT t 

Porlhinfl cement (lermetl by Mr. Kdwin Kckel of the U. S. 
(ieoloj^icul Survey a> I’ollows: by the term Portland cement is to be 

understood Ihe mnlerial o])taiiK'<l In- finely jadverizinj; clinker produced by 
burnini' to MMni-fusion an intimate artificial mixture of finely ground 
.nlcareous an<l argillaceou^ inaleriaN, this mixture consisting approxi- 
mately of ;; parts «)f lime carbonate to i part of silica, alumina and iron 
oxide.” 

'riu; definition is often further limited by specifying that the finished 
])ro(hut must contain at least 1.7 times as much lime*, by weight, as of silica, 
alumina, and iron oxide* together. 

'Phe only surely distinguishing tc'st of Portland cement is its chemical 
analysis and its s])etili( gra\ ity. (Sea* pp. 64 and ^5.) In the field it may 
often be n*cogni/A*d by its cold liluish gray color (sc'c* p. 114), although 
the* color of Pu//olan and of some* Natural cc'incnts is -,0 similar that this 
is by no mcan'^ a jiositive indication. 

'Fhe term Natural Portland Cement arose from tin* disc'overy in lion 
logne sur-Mer, I*' ranee, as early as 1846, of a natural rock of suitable com- 
position for I’ortland cc'incmt. V similar disco\cr\ in Pennsylvania gave 
rise to the same term in \merica, but the manufac'turers soc»n found it 
nc‘c essary to add to the* cement roc k a small pc‘rc'c*ntage of ])urer linu'stone. 
Since the chemical composili<»n of i*ortl.ind c'cinent, as delinc'd above, is 
substantially uniform rc*gardlc*ss of thc! materials from which it is made, 
in the rnilc'd State's du' tc'rms “naturar' and “artificiar’ are mc‘aninglc*ss. 

In iM’aiu c‘, c c’mc'uts intermediate* betwe'en Roman and I'ortland arc* 
called “natural Portlands.”* 

Sand Cement. Sand or siliia ec*ment is a mechanical mi.xture of Port- 
lancl erment \Nith a pure, clc*;jn sand very linel}’ ground together in a 
lube mill or similar machine. l*\)r the bc“st grade's the* proportions of 
cemc'ul to sand arc* 1:1, alllunigh as lean a mixture as 1 .(> has been made 
to compete* with Xatubd cc*mi'nts. 'The coarser particles in any Portland 
cemc'nt have little* cvmc*ntilious \alue, hence* if a j)orliv)n of the cement i.s 
replaced b\ inc*rt matter and the whole grcnmcl extremely line, its advocates 
maintain that the product is scarcely inferior to the* unadulterated article. 
As made* in the rnited States, the mixture is ground so fine that of it 
will ])ass through a sieve* having 200 meshes to the liiu*ar inch, and all of 
the 5'.(; of rc'siduum is said to be sand. In other weirds, all of the cement 
passes a No. 200 sieve. 

tA •'iili'i 1 1 '.sifu .itiMii of Portl.inJ frcnoit is I'rp-scntcd on page 53r * 

♦ Caiullot’s CinuMUs vl Thaux liy.lraulujur.s, 1S9S, p. 164, 
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NATURAL CEMENT 

Natural cement is ‘‘made by calcining natural rock at a heat below 
incipient fusion, and grinding the pnnluct to powder.”* Natural cement 
contains a larger proportion of clay than hydraulic lime, and is conse([uently 
more ^trongly hydraulic. Its compt)sitit)n is extremely \ariable on aciount 
of t'ne (lifTcTcnce in the rock used in manufacture. 

Natural cements in the Unite<l States in numerous instances bear the 
names of the localities whiav first manufai tured. I''or example, Rosendalc 
cement, a term heard in New Vork and New h'ngland more fre(|ucnlly 
than Natural cement, was originally manufactured in Rosentlale, Ulster 
County, N. Y. Louisville cement first came from Louisville, Ky. 
'rhe James River, Mihsaukee, Utica, and Akron are other Natural 
cements named for localities. 

'Lhe United States ])r()dures a few brands of “Improved Natural Hy- 
draulic ('ement,” interrnetliate in (juality between Natural and Portland, 
b\ mixing inferior Portland cement with Natural cement ( linker. 

In Lngland the best known Natural cement is called Roman cement. 
Ociasionally oiu* hears the term Parker’s Cement, so called fnnn the name 
of the disco\erer in Kngland, 

LE CHATELIER’S GLASSIFICATION OF NATURAL CEMENTS 

In France there are several classes of Natur.il c(‘m(MU. Mr. fl. I.e 
Chatelierf classifies Natural cements as those obtained “by the heating of 
lime'-tone less rich in lime than the limestone for hydraulic lime. 'I'hey 
may he divided into three classes: 

“ <)uick-setting cements, such as and Roman fCiment^ a 

prise rajiide, Vassy, roniain); 

“Slow-setting cements (Cimenls a prise demi-lente); 

“ Grappiers cement (('iments de grapt>iers). 

“Vassy Cements are oljtaincd by the heating of limestone containing 
much clay, at a very low temperature, just sulVicient. to dei arbonale 
the lime. "Phey are characterized by a very rapid set, followed afterwards 
by an extremely slow hardening, much slower than that of Portland te 
ments.” 

“They differ from Portland cements by containing a miu h higher per- 
centage of sulphuric acid, which aj^pears to be one of their essential ele- 
ments, and a much lower percentage of lime. 

*erofrsM’oii.il PajxTs, N<i. 28, U. S. .Arinv F.nginct*rs, p. 

fProcedes d'Essai d<*s Mati 5 nauY Hj^draulujuesi, Annalfs dvs •S9't- 
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** Slow-Setting Oements, by the high temperature of calcination, 
approach Portland cements, but the natural limestones never possess 
the homogeneity of artilkial mixtures, so that it is impossible to avoid 
in these cements the presence of a large quantity of free lime.** The 
composition of these products varies from that of the Vassy cements to 
that of the real Portlands. 

“ Qrappiers Cements* are obtained by the grinding of particles which 
have escaped disintegration in the manufacture of hydraulic limes. These 
grappiers are a mixture of four distinct materials, two of which, com- 
pletely inert, are unburned limestone and the clinkers formed by contact 
with the siliceous walls of furnaces, and two of which, strongly hydraulic, 
are unslaked lime and true .slow-setting cement. It is necessary that 
the latter should predominate in the grappiers for their grinding to give 
a useful product. The grappier of cement is obtained regularly only 
by the heating of a limestone but slightly aluminous and containing 
about three equivalents of carbonate of lime for one of silica; its pro- 
duction necessitates a heating at high temperature. 

“These grappiers cements are even more apt to contain free lime than 
the Natural cements of slow set which are obtained by the heating of lime- 
stone containing much more alumina. Pecau.se of their constitution, also, 
the grappiers cements may vary greatly in composition since they arc 
prodiu'cd by the grinding of a mixture of grains of cement and of various 
inert materials. The cement grains have very nearly the composition 
of tricalcium silicate (SiO, 3 CaO).** 

PUZZOLAN OR SLAG CEMENT 

Puzzolan cement is the product re.sulting from mixing and grinding 
together in definite proportions .slaked lime and granulated blast furnace 
slag or natural puzzolanic matter (such as puzzolan, santorin earth, or 
tra.ss obtained from volcanic tufa). 

The ancient Roman cements belonged to the class of Puzzolan.s. They 
were made by mcchanitally mixing slaked lime with natural puzzolana 
formed from the fusion of natural rock found in the volcanic regions of 
Italy. In Clerniany, trass, a volcanic product related to Puzzolan, has 
been used with lime in the manufacture of cements. 

Blast furnace slag is essentially an artificial puzzolana, formed by the 
combastion in a blast furnace, and the pmzzolan or slag cements of the 
United States are ground mixtures of granulated blast furnace slag, of 
special composition, and slaked lime. 

'K!emcnts essentially of the Grappiers class in the United States are termed ** Non-Staining 
Cements.'* These may closely approach Portland cement in strength. 
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A Board of Engineers onicers, I'. S. A., ])resente<l in 1901 the following 
conclusions,* based, undoubtedly, on the exhaustive studies upon the sub- 
ject made by a previous Boardf having the stime chairman, Major \V. L, 
Marshall: 

Tliis term (slag or Pu//oIan cement) is applied to cement made ])y in 
timately mixing by grinding together granulated blast-furnace slag of a 
certain quality and slaked lime, without calcination subsecjuent to the 
mixing. This is tlie only cement of the Puz/olan cla.ss to be found in our 
markets (often branded as Portland), and as true ]\>rtland cement is now 
made having slag for its hydraulic base, the tern^ slag cement should 
].)e droi)ped and the generic term Pu/./.tdan be used in advertisements and 
specifications for such cements. 

Puzzolan c ement made from slag is c har ac teri zed physically by its light 
lilac- ('c)lor; the absemee of grit attending line grinding and the extreme 
subdivision of its slaked lime c'lcmeiil; its low sjiecifu: gravity {2.(1 to 2.8) 
compared with Portland ( ] to 3.5); and by tiie intense bluish grt'en tolor 
in the fresh fracture after long submersion in water, due to the pre.senee 
cjf sulphides, whic h color fadc.‘s after exposures to dry air. 

I'he oxidation of siilphidc-s in dry air is ciost?‘ueiive of Ptizzolan c ement 
mortars and eonc rc'les so exposed. Ihi/zolan is nsiially vcTy furcly ground, 
and \^hen not treated witli soda sc*ls more slowly than Portland. ]t 
.stands storage well, but elements trcati^d with M>da to cjuic'kcu sotting lie- 
come again \erv slow setting, from tlie carbonization of the soda (as well 
as the lime;) element after long storage. 

Puzzolan ec-ment jiroperly made contcdiis no free* or anhydrous lime, 
does not warp or swell, but is liable to fail from cracking and shrinkage 
(at the surface only) in dry air. 

Mortars and concretes made from Ihizzolan ap[m>ximate in tensile 
strength similar mixtures of Portland cement, but their resistance to 
crushing is less, the ratio c)f crushing to ten>ile strength being about 6 to 
7 to T for J^uzzolan, and 9 to ]i tc^ 1 for Portland. On aic'ount c;f its 
extreme fine grinding Puzzolan often gives nearly as great tensile strength 
in 3 to T mixtures as neat. 

Puzzolan permanently assimilates but little water comjKired with Port- 
land, its lime being already hydrated. It should be used in eom])aratively 
dry mixtures well rammed, but while rcc|uiring little water for chemical 
reactions, it requires for permanency in the air constant or continuous 
moisture. 

Puzzolanic material has l)ecn suggested by Dr. Michaclis, of (Germany, 
and Mr. K. Eerct, of France (sec Chapter XVI), as a valuable addition 
to Portland cement designed for use in sea water. 

♦Professional Papers No. 28, p. 28. 

fReport of the Board of U. S. Army Kngineers on Steel Portlaml tVnient, 1900, p. 52. 
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HYDRAULIC LIME 

The hydraulic properties nf a lime, — its ability to harden under water, 
— arc due to tlie presente of t lay, or, more correctly, U> the silica contained 
in the clay. Hydraulic lime is still used to quite an extent in Huro])e, 
especially in 1 '' ranee, as a substitute for hydraulic cement. The celebrated 
lime t)f-Teil of I'raiue is a hydraulic lime. 

^^r. Edwin (\ I’*! kel staK's*'*' that “iheoretit ally the pro|)er comj)osition 
for a hydraulic lim(‘Ntone should be calcium carbonate Sb.Sb^' , silica . 

The h.ydraulic limestones in actual um\ however, usually carry a muth 
hijj^her silica juTcentaye, rt-achiny at times to 25^ , , while alumina and iron 
are commonly prt sent in (juaiUities which may be as hiyh as (f/f. The 
lim(‘ (ontent of the limestone.s comTUonly used \ari('s from 55'', to 65^;^ 

Allhouyh the chemical ('omposition of hydraulic limi* is similar to Port- 
land cement, its specific yraviu is much low(‘r, lyiny belw'een 2.5 and 2.8. f 

In the manufai'tun’ of hydraulii lime tlie limestone of the required com 
posilii»n is burned, yinerally in (ontinuou- kihi'-, am! lluai ^ufhcimit water 
is a<l<led to slake the free lime priKliui‘<| m) as m form a p(*wder without 
i rushiny. 

COMMON LIME 

'I'he ('omriKTcinl lime (»f the linitiai Slates is “(juii klime,” whii h is 
chielly calcium oxide ((\it)). 

Lime is now' manufactured by a continuous pri»ci‘ss. Limestone of a 
rather .soft texture, so as to 1 h' as frc'e as possible from silica, iron and 
alumina, is charyed into lli<‘ toj) (tf a kiln which may be, sav, ,|u ft. biyh 
by 10 ft. in diameter, 'i'be fuel is iutrodiued into com])Ustion (hamb.ers 
near the foot of the shaft, ami the finished produel is drawn (nit from time 
to time throuyh another openiuy in the bottom of the shaft, d'iie tempera- 
lure of calcination may r:inye from Fahr. (yOo"" (.Vnt.) to, at times, 

2,000'' kahr. (i,0()o‘^ Lent.). 'Plie |)rodm I (sei‘ anal) sis, p. 47), in ordi- 
nary lime of the best (pi.ility, is nearly ])ure I’alcium oxide (( 'aO). Upon 
the addition of water the lime slakes, forminy cahium Irolrate (CalLO.^,), 
.111(1, wiili the continued addition of water, inc read's in bulk to twdee 
to three times the oriyinal loo.se and dry \olunie of the lump lime 
as measured in tlie l ask. In tliis plastic eondilion it is termed by 
j)lasterers “juittv’’ or ‘‘paste.’’ 

The -ettiny of lime mortar is the result of thri'e distinct proc'csses 
whuh, luw'-ever, may all yci on nii>re or les>, simultaneously. First, it 

Gcohyhtt Marth, 1901, p. 1^2. 
fCandlot's Ciiiifnts et Chaux Hvtlrauliq.ifs, p. 26. 
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dries out and becomes lirm. Second, durinj; thi'^ operation, tlie calcic 
hydrate, which is in solution in the water of whicli the mortar is made, 
crystallizes and binds the mass together. Hydrate of lime is sol\il>le in 
parts of water at 78'^ h’ahr; in 75') parts at ^^j'^aiul in ii^-jO parts at 140’^. 
Third, as tlie per cent, of water in the mortar is rediict'd and reaches live 
per cent., carbonic aiid bei^ins to be ab.Mwbed front the atnios]>hero. If 
the mortar contains more than li\e ]>er cent, this absorption does not go 
on. While the mortar contains as much as 0.7 pi!r cent, the absorj)lion 
continues. The resulting larbonate probably unites with the hydrate of 
lime to form a sub'Carl)onale, which c'aiises the mortar to attain a harder 
set, and this may finally be converted to carbonate. 'The meie drving 
out of mortar, our tests have shown, is sullicient to enable it to resist 
the ])ressure of masonry, while the further hardcaiing furnishes I l\e neces- 
sary bond.* 

Magnesian Limes cwolve less lu*at w'hen slaking, expand less, and set 
more ra])idly than ]>ure lime. V typical anabsi^ gi\en tm page 47. 

Hydrated Lime is the powdered jn'oducl formed by slaking (jui^k 
limf with tile re([iiisitc amount of w.iler. 1'hi‘ material as it comes in o 
comm(‘rce is a very finely dividi'd white powder, anil if projierly prepared 
contains no imhydrati‘d partiilesof lime. 

SUB-CLASSIFICATION OF PORTLAND CEMENTS 

In addition to tlie gray colored cements for ordinary usi's, Portland 
cements are made* from raw materials low in iron si* as to jirodiiie a light 
colorvd cement, ami also from raw malorials low in aluminum and high in 
iron to producea cemiait whii h belter re•^i•'ls the ml inn ol sea water. 'Phis 
leads to a suh i lassifu ation suggested In Mr. la kel. 'The dislim lion is 
.somewhat arbitrary, si’ne the clas:ms g^'-ule inti) eat h other, while normal 
Portlands \arv in the relative proportinn'^ of iron and alumina. 

(1) Normal Portlands. Containing, with the silica and lime, both alumina 
and iron oxide in ap|jrecial)le ijuajitity ; usually Jrom.t to 10 per cent alumina 
with r.5 to 5 per cent iron o.xidi*. P'roduit: the onlinary gray-colored 
commercial cement. 

(2) Low Iron Portlands. Containing relatively high alumina, witli only 
r per cimt or less of in n oxide. Product, white or vi*rv light colored, ijuick 
setting, usually low in tensile .strength. 

(3) High Iron Portlands. ( oniaining relatively high iron, with less 
than 2 per cent of .ilumina. Prorlie t; slow setting, high tensile strength in 
long time ter* Is, rvxdslMnt to .‘^ea and all.aline waters. 


♦The authors .ire iiulehtea i<) Mr. l i.ilora Richa^d^oa for ilu*- |i.iragraph. 
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CHAPTER VI 

CHEMISTRY OF HYDRAULIC CEMENTS* 

BY SPKNCKR B. NKWBliRRY 

INTRODUCTION 

Hydraulic romeiHs: arc comj^otiiuls ctuisistinji; chiclly of lime, silica, and 
aluniina, which liavc llie property, when mixed to a j)aste with water, of 
hardening to a stonc-lik(‘ mass. 'They may he classified as follows: 

1. Portland cement, made hy calcining at hi!>;h heat an artificial mixture 
of carbonate of lime and clay or slajjc, in exactly correct proportions, and 
f^rindini^ the resullint' clinkcT to powder. 

2. Natural cement, made by biirninir at low heat limestone containiivf 
excess of clay and usujdly much maji;nesia, and grinding the product to 
powder. 

3. Hydraulic lime, obtained by burning limestone containing a small 
amount of clay, slaking by sprinkling with water, and bolting the product. 

4. Puzzolan or slag cement, consisting of a mixture of certain kinds of 
volcanic scoria, or of blast furnace slag, and slaked lime, ground together. 

Each of these classes i)f (ement shows ]>eculiar qualities, and each may 
have advantages for lerlain purposes, l^uz/olan cement is that userl l)y 
the Romans, and many striking examples of its durability are seen in 
ancient structures. Slag cement, a mechanical mixture of slag a ml slaked 
lime, is made to a considerable extent in this country, and finds e.xtended 
use for mortar and in work in which the greatest strength and hardness are 
not required. Hydraulic lime is made chielly in h' ranee, and is but little 
known in the United States. Natural cement is manufactured on a very 
large scale from limestones containing a large proportion of clay. It is 
usually quick -setting, and the better qualities gain very good .strength at 
long periods. (')wing to its cheapness it is extensively used, chiefly a.s 
mortar for brickwork and nunonry. .Ml the.se earlier liydraulic materials, 
however, have gradually given way before the advance of Portland cement, 
as this product has been improved in quality and manufactured on a con- 
stantly increasing scale. 

Portland cement was first made in England in T.S27, and named from the 

♦The autliors arc indebted to Mr. Newberry for ihu. chapter, which has been especially pre- 
pared hv him for this Treatise. 
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resemblance in color of the hardened cement to the building stone quarried 
at the Island of Portland. 

MATERIALS* 

As above stated, hydraulic lime and natural cements arc made by burning 
natural limestones containing suitable amounts of clay. Portland cement, 
on the other hand, is made from an artificial mixture of materials, of ex- 
actly correct composition. Limestones containing clay are of frequent 
occurrence. If a deposit of stone containing exactly the right amount of 
clay, and of exactly uniform composition, could be found, Portland cement 
could be made from it simply by burning and grinding. For good results, 
however, the composition of the raw material must be exacts and the pro- 
pprtion of carbonate of lime in it must not vary even by one per cent. No 
natural deposit of rock of exactly this correct and unvarying composition 
is known or likely ever to be found; therefore Portland cement is always 
made from an artificial mixture, usually, if free from organic matter, con-* 
taining about 75% carbonate of lime and 25% clay. 

For the manufacture of Portland cement the materials cliictly used arc 
limestone, chalk or marl, and clay. In southeastern Pennsylvania and 
western New Jersey occurs an unlimited deposit of cement rock^ which 
consists of a slatcdikc limestone containing usually rather more clay than 
is required for a correct mixture. This is largely used for Portland cement 
manufacture, and is generally ground with a small amount of purer lime- 
stone to bring it to correct composition. At some of the factories in that 
.section a correct mixture is obtained Iw grinding together, in suitable pro- 
portions, the upper and lower layers of the quarry. In the Central States, 
pure limestone, or marl (a soft and finely divided form of carl>onate of 
lime) and clay, are the materials employed. Whatever the materials used, 
the first stage of the process is the preparation of an intimate and finely 
ground mixture of carbonate of lime and clay, of a certain definite compo- 
sition, and if this is accomplished the resulting cement will be the same, 
whatever the original materials may have been. Success in Portland 
cement manufacture depends, more than upon all other features of the 
process, in extremely fine grinding of the raw materials. Most of the 
faults found in inferior Portland cement arc due to neglect in this regard. 
Either the wet or dry process may be used in preparing the mixture. The 
material is then dried and calcined at white heat, generally in revolving 
cylindrical kilns, from which it issues in the form of .small, black, rounded 
fragments of clinker. By grinding this clinker to fine pwwder the finished 
Portland cement is obtained. 

*i'The materials for cement and the manufacture of cement are also treated in Chapter XXX. 
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Magnesia in Portland cement, beyond a small percentage, has generally 
been considered objectionable. But little positive evidence on this point 
is, however, available. A committee of the German Portland Cement 
Manufacturers Association, many years ago, reported that magnesia up to 
8 per cent, is harmless. DyckerhofT, a member of the committee, presented 
a minority report stating that he had found more than 4 per cent, injurious. 
The subject was referred to another committee, in i8Q6,but this committee 
laid out a program of work which proved impracticable to complete, and 
nothing further has been acc omplished. Van Blacse, in the Thonindus- 
triezcihing^ T899, page 2 13, published a long series of tests of cements con- 
taining varialde proportions of magnesia, which show that cement contain- 
ing 8 per cent, is faultless, while that containing 15 per cent, is defective. 
The writer has made a similar series of experiments and has found that 
properly ])re[)are(l cement with 9 per cent, magnesia passes the ])oiling test 
perfectly, while that with 15 per cent, magnesia shows expansion cracks 
after several hours boiling. C'omj)arativc tests of tensile strength and 
ex|)ansion of bars of these cements, over long ])eriods, are now in j)rogress. 
From the evidence now available it appears that the presence of magnesia 
up to 8 per cent., in a i)roperly prepared Portland cement, is no disadvan- 
tage. 

Sulphate of lime, in (piantitics exceeding about 2 per cent., is objectionable 
in the raw material, owing to liability of reduction to sulphide, causing the 
cement to turn dark blue in hardening and to give poor tests, especially 
with sand. This fault is more freejuent with cement burned in vertical 
kilns than in those of the ro\ary type, since the former are more liable to 
imperfect draft and conse(pient reducing action. 

Clay for Portland cement manufacture should be highly siliceous and 
l^raclically free from coarse sand. Siliceous clays, in which the silica is 
from 2:5 to 3.0 times the sum of alumina and iron oxide, give mixtures 
which stand the high heat of the kiln without fusing, produce a clinker 
which is comparatively easy to grind, and yield slow-setting cements which 
show steady gain in strength oyer- long periods. More aluminous clays 
give hard, fusible clinker and quick-setting cement, and are in many re- 
spects troublesome to use. Highly aluminous cements arc believed to be 
especially severely attacked by sea water. 

a\lkalics (potash and stxla) appear to exert very little influence, in the 
small amountjS present’ in ordinary clays, on the character of burning or 
quality of the resulting cement. E.xccss of alkalies is believed tp make 
cement unsound. 
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PROPORTION OF INGREDIENTS 

Although Portland cement has licen manufactured since 1827, definite 
rules for proportioning the ingredients have only lately been established, 
and are yet by no means generally accepted. In Germany it lias been 
customary to -adjust the ingredients, as recommended by Michaelis, so that 
tlie “hydraulic modulus,” the ratio by weight of lime to silica, alumina 
and iron OKidc, shall be from i.S to 2.2. It has, however, become gen- 
erally recognized by cement chemists that much more lime combines with 
silica than with alumina or iron oxide. The “hydraulic modulus” is 
therefore a variable, and must be much higher in the case of siliceous 
materials than with those liigh in alumina and iron. 

A clear explanation of the com])osition of Portland cement clinker was 
fust given by Lc Chatclicr in 1887. From mi(T(\scoj)ic examination of 
clinker and hardened cement he came to the conclusion that the chief 
constituent of Portland cement is tri-calcium silicate, ^CaO.SiOg, which 
is the active clement in the hardening. This tri- silicate is produced by 
chemical preci])itation from a mass of a nuiltijdc silico-aluminatc which 
serves as a vehicle for the silii a and lime and j)crmits their ( ombination, 
but remains inert during the hardening. I.e Chatelicr staled that the lime 
and magnesia in Portland cement should not exceed a maximum. 

CaO-i-AfgO 

- - <3 (i) 

Si(),-f-Al, 0 , 

nor be less than a minimum, 

' CaO+MgO , . 

> 0 {2} 

SiO.,— A 1 j(),--Fc., 03 “ 

These formulas reprc.sent diemicnl equivalents and not weights. 

The best brands of modern Portland cement apjjroach pretty closely to 
the above maximum formula, while one corresiwiuling to the minimum 
formula would be so greatly over- clayed as to l>c ])ractically useless. 

7 'he hardening of cement, according to Lc Chatclier, consists in the de- 
composition of the tri-silicatc by water, with the formation of crystalline 
calcium hydrate and hydrated mono-silicate. 

Since the publication of the above researches the constitution of clinker 
and hardened cement have been investigated by numerous experimenters, 
and a great number of new theories have been propounded. It cannot be 
said, however, that any of Le Chalclier^s important statements have been 
disproved, nor that any material advance has been made upon the theory 
which he [proposed. At the present time Portland cement clinker is re- 



58 


A 7 '/l£A VISE OM CONCRETE 


garded })y nearly all cement rhemiuls as a crystalline mass of tri-calcium 
silicate, imbedded in a non -crystalline magma consisting of a fusible com- 
pound of silica and lime with practically all the alumina and iron oxide. 

Le Chalelier’s formulas are inconvenient in form and incomprehensible 
except to' those familiar with chemical formulas. The writer published in 
1897 {Journal of the Society oj Chemical Industry^ Nov. 30, 1897) paper 
on the constitution of hydraulic cements, containing an account of a scries 
of experiments based on the work of Le Chatelier. It was found that the 
maximum of lime which could be brought into combination to produce a 
sound cement is three molecules for each molecule of silica ])rcsent, and 
two molecules for each molecule of alumina. The composition of cement 
containing the maximum of lime would therefore be expressed by the for 
mula 

X(3Ca().Si(L) ^ V(2Ca().Al,X)3) (3) 

It is understood that this formula is merely emi)irical, representing the 
relative i)roportions present, since the aluminate remains for the most j)art 
in the magma in combination with part of the silica and with other sub- 
statu’cs. 

Sub.stituting weights for ecjuivalents, the above formula may be expressed 
a.s follows: 

Lime silica X 2.8 -f- alumina X i.i. 

[I .should be remembered that this formula re]nesents the maximum of 
lime which a Lortland cement, burned in the usual manner, may contain 
without showing unsoundness, lliis maximum can be reached only by 
extremely line grinding of the raw material. This formula, also, by no 
means represents the com])osilion of finished cement, since the ash of the 
find lowers the lime and raises the silica and alumina, above that calcu 
laled from the raw material, by at least 2 per cenl. 

In the laboratory, using gas as fuel, it will be found practicable to prepare 
sound cements corresjionding to the above formula. In actual manufac- 
ture it is .safer to reduce the lime slightly, to counterbalance possible defec' 
tive grinding of raw material or unavoidable variations in composition 
It will be found that the raw material at factories where the best Portland 
cements are made rarely falls below the composition, 

Lime — silica X 2.7 -}- alumina X i.o. (4) 

This may be taken as a safe practical formula for commercial use. 
With fine grinding of the raw material it will invariabh' yield sound cements, 
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while the use of a low'er proportion of lime will he likely to produce quick- 
S(Uting cement, low in tensile strength. As already explained, commercial 
cements are considerably lower in lime, owing to change in composition 
produced by the fuel-ash. 

The writer^s experiments have shown that magnesia forms with clay no 
products having hydraulic properties It should therefore be disregarded 
in calculating cement mixtures, the composition of which should be calcu- 
lated on the basis of the silica, alumina and lime only, without regard to 
the magnesia present. Iron oxide, also, in the quantities usually met with 
ill ordinary clays, plays an insignificant part so far as the proportions of 
the constituents are concerned, and may be disregartled in the calculation. 

As a practical example of the use of the above formula, let us suppose 
that we wish to make cement from limestone and clay of the following 
composition: 


Lime 

Magnesia 

Silica 

Alumina 

Iron Oxide 

Loss on ignition, etc, 


Unic^loni* 

I C’l.iy 

52.6 

2.2 

0.7 

1.9 

3*2 

65-4 

1.0 

j 6 .s 

0-3 

6.1 

42 2 

7-9 

100.0 

1 

1 100.0 


I 


The silica and alumina in the limcMone will recpiire 
3.2 X 2.7 + i.o ~ 9.6% lime, leaving 52.6 — 9.6 = 43.0% lime avail- 
able for combination with clay. 

The silica and alumina in too parts clay will rccjiiire 
65.4 X 2.7 -f 16.5 X 1.0 193. 1 parts lime. Subtracting the lime con- 

tained in the clay we have 

193. 1 — 2.2 T90.9 parts lime required for 100 parts clay. 

As the 100 parts stone contain 43 parts available lime, that amount of 
stone will require 

43 X 100 

==- 22.5 parts day. 

190.0 
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The composition of the charge and of the resulting" cement may be tabu* 
lated as follows: 



100 

STOVE 

22.5 

CLAV 

X 23.5 

MIX 

78.52 

CEMENT 

xoo 

CEMENT 

Lime 

52.60 

0.50 

53*10 

53*10 

67.63 

Magnesia 

0.70 

43 

1*13 

I-I 3 

1.44 

.Silica 

3*20 

14.71 

17.91 

17.91 

22.81 

Alumina 

1. 00 

3*71 

4.71 

4.71 

6.00 

Iron Oxide 

0.30 

1*37 

1.67 

1.67 

2.12 

Loss, liic 

42.20 

T.78 

43*98 

.... 

.... 


100.00 

22.50 

122.50 


100.00 

1 


As stated above, the ash of the fuel will change the composition of the 
resulting cement materially; analysis of the product, burned with coal, will 
probably show about 65 per cent, lime and perhaps 24 per cent, silica. 
This fuel-ash is, however, not uniformly distributed through the product, 
but attaches it.self chiefly to the surfaces of the clinker. It is not, therefore, 
found practicable to materially raise the proportion of lime to counter- 
balarice the silica and alumina of the a.sh. 

It will be noted that in the above calculated analysis of raw mixture and 
cement the 

Lime — alumina 
silica 

The writer proposes to call this figure the lime jactor of the mixture. 
Adoption of this factor will give cements of practically maximum quality 
with any materials, whether siliceous or aluminous, provided the mix is 
finely ground and pro])erly burned. Owing to the influence of the ash of 
the fuel, as above explained, the factor of finished cements will be found 
about 0.2 lower than that of the raw material. The best commercial ce- 
ments generally show a factor of 2.5 to 2.6, though made from mixtures 
with a factor of 2.7 to 2.8. 

The following analy.scs, taken from a paper by the writer in Cemmt and 
Engineering News, November, J901, show the influence of the fuel-ash on 
(he composition of the clinker. The samples of clinker were taken one 
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hour later than those of raw materiali since the passage through the kiln 
required about one hour. 


Lehigh Portland Cement Co,, Allentown, Pa, 



Mix 


Clinker 

found 


M -33 

4-32 

I. 46 
42.69 

J. 81 


22.96 

6.78 

2.54 

<>305 

2,Qd 

AljOj 

6,68 

2.26 


gaO. 

66.08 

MffO and SO3 

2. 80 

Loss 






Factor — AI2O3 

99-75 

100.00 

2.68 

90.17 

2.40 

SiOs 

■ 


Sandusky Portland Cement Co., Syracuse*, I nd. 



Mix 

Clinker, 
calculated 
from mix 

Clinker 

found 

SiO-* 

13-50 

3-43 

1.27 

1 40.7^) 

3-27 

3«-30 

22.02 

22.33 

5*53 
i 3-28 

1 64.40 

3.61 


5.60 

2.07 

66.49 

3.82 

F(;202 

Cab 

MgO and SOj 

T.f)ss 






100.53 

100.00 

9 <>LS 

Factor CaO— AlsO. 

• • • • 

2.76 

2.63 

SiOa 





Comparison of the above analyses of mix and clinker shows how greatly 
the ash of the fuel affects the composition. In commcrcia\ cement a still 
further reduction in the proportion of lime is caused by the addition of 
gypsum and the absorption of moisture and carbonic acid from the air. 
.It will be readily seen, therefore, that analysis of finished cement gives but 
little indication of the true proportion of ingredients or of the quality of the 
product. 
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EFFECT OF COMPOSITION ON QUALITY 

Too high proportion of lime (lime factor of mix above 2.8) will give a 
slow-setting cement which will fail in the boiling test. If the excess of lime 
is great, pats of cement kept in cold water will show radial expansion 
cracks at the edges after a certain time, perhaps even within a few days. 
The same defects result from impcrjecl grinding of the raw material, and 
are far more often due to this cause than to excess of lime. Cement which 
is unsound and shows expansion from either cause may be improved and 
perhaps ma^le sound l>y storage or by exposure to air. It is not, however, 
safe to rely greatly on this remedy. I^ack of soundness is in all cases due 
to faulty manufacture, since well-burned cement made from suitably pre- 
pared raw material will invariably pass all soundness tests when fresh from 
the grinding mills. Consumers are advised to accej>t no cement which 
fails to pass a reasonable boiling test, as they will thus err, if at all, on the 
safe side, and will influence careless manufacturers to improve their pro- 
cess. 

Too low proportion of lime, giving an over-clayed mixture, produces a 
fusible clinker, liable to overburning. This is especially the case with 
aluminous materials. If hard-burned, such mixtures give a fused clinkei 
liable to fall to dust on cooling, hard to grind, and yielding slow-setting 
cement of poor hardening properties. If light-burned, an over-clayed mix- 
ture yields soft brownish clinker, grinding to a brownish, quick-setting 
cement of inferior strength. 

Overbuming rarely occurs except with over-clayed mixtures or in conse- 
quence of the fluxing action of the fuel-ash or the brick lining of the kiln 
Properly y)ro|)ortioncd mixtures stand a very high heat without injury. 

Underburning, as stated above, in the case of an over-clayed mixture, 
yields cjuick-selting and weak cement. Normal mixtures, when under- 
burned, usually give cement which fails in soundness tests. Light burning 
is generally indicated by heating of the cement on mixing with water. 
This behavior generally accompanies quick setting, and may be so marked 
as to be quite apiiarent to the touch of the fingers. Some cements, though 
slow-setting when first made, become very quick-setting on storage. Cases 
arc on record in which this change has taken place within a few days. 
After longer periods the original slow-setting quality may return. The 
cause of this phenomenon has not been determined; it may be said, how- 
ever, that troubles of this class, including quick setting and heating witt 
water, are especially characteristic of cements made from aluminous ma- 
terials. 
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CHAPTER VII 

STANDARD CEMENT TESTS 

The tests which arc regarded as most suitable for the selection and ac- 
ceptance of cement for important concrete construction are as follows: 

Chemical analysis. 

Specific gravity. 

Fineness. 

Activity, or time of setting. 

Tensile strength of neat cement and sand mortars. 

Soundness or constancy of volume. 

The French Commission* in 1803, addition to these tests, gave 
standard rules for testing weight, homogeneity (with the microscojie), 
compressive strength, bending strength, yield of jiaste and mortar {render- 
mcnt)j ])orosity, jiermeability, decomfiosition, and adhesion, one or more 
of which tests may be desirable under certain conditions. As those are 
usually of minor importance, however, special mention of tliem is reserved 
for the following chapter. 

In unimportant construction it is often safe to use a first-class American 
Portland cement without testing, and in other cases the lest for soundness 
Ls the only one which need be actually made. Under almost all circum- 
stances, however, when purchasing cement, full speci(i(‘ations (see ('hapter 
HI, }). 28) are advisable, so that if the cement does not work satisfactorily 
it may be more carefully examined and unused iiortions rejected. 

Jn this chapter arc presented, in addition to the descrijition of the methods 
of making cement tests, complete lists of ajiparatus for a large and a small 
laboratory (]>. 80), formulas and tables for determining the (|uantity of 
water in cement mortars ([). 85), comparisons of American and European 
practice in cement testing, a discussion of the causes of unsoundness and 
the results of soundness tests (p. loi), curves showing the growth in strength 
of typical cements and cement mortars (p. 99), and other information with 
reference to the qualities and testing of Portland cement. 

STANDARD METHODS OF OEMENT TESTING 

The following recommendations for testing are reprinted, with comments 
bv the authors, from the preliminary or Progress Report of Special Com- 

♦Commission des M^thodes d'Essai des Mat^riaux de Construction, 1894, Vol. i, p. 235. 
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xnittee on Uniform Tests of Cement of the American Society of Civil 
Engineers,* as presented in 1903 and amended in 1904 and 1912. The 
methods are designed particularly for the testing of Portland cement, but 
certain paragraphs are applicable to Natural (and also to Puzzolan). 

,The standards which should be attained by first-class Portland and 
Natural cements are presented in the Standard Specifications in Chapter 
III, page 28. 

Sampling, i. Selection of Sample, The selection of samples for test- 
ing should be left to the engineer. The number of packages sampled and 
the quantity taken from each package will depend on the importance 
of the work and the facilities for making the tests. 

2. The samples should fairly represent the material. When the 
amount to be tested is small it is recommended that one barrel in ten 
be s&mpled; when the amount is large it may be impracticable to take 
samples from more than one barrel in thirty or fifty. When the samples 
are taken from bins at the mill one for each fifty to two hundred barrels 
will suffice. 

3. Samples should be passed through a sieve having twenty meshes 
* per linear inch, in order to break up lumps and remove foreign material; 

the use of this sieve is also effective to obtain a thorough mixing of the 
samples when this is desired. To determine the acceptance or rejection 
of cement it is preferable, when time permits, to test the samples sepa- 
rately. Tests to determine the general characteristics of a cement, 
extending over a long period, may be made with mixed samples. 

4. Method oj Sampling, Cement in barrels should be sampled through 
a hole made in the head, or in one of the staves midway between the 
heads, by means of an auger or a samplmg iron similar to that used by 

sugar inspectors; if in bags, the sample should be taken from 
surface to center; cement in bins should be sampled in such a 
manner as to represent fairly the contents of the bin. Sampling 
from bins is not recommended if the method of manufacture is 
such that ingredients of any kind are added to the cement 
subsequently, 

A sampling iron is illustrated in Fig. 8. 

With the usual packing of Portland cement, four bags to the 
barrel, one bag in forty is equivalent to one barrel in ten. 
There is no necessity because of the smaller size of the packages 

1^0. 8. for testing a larger proportion of the total weight. 

Sampling practice of mixing samples taken from a number of 

packages is by many authorities not considered advisable except 
(See P.64,) purpose, suggested above, “of determining the charac- 

teristics of a shiprnent.'’ A mixture of samples will not reveal irregular- 
ities in quality. 

^Proceedings, .\mcrican Society of Civil Engiaecrs, February, igta. 
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Ohemical Amdyw $• Significance, Chemical analysis may serve 
to detect adulteration of cement with inert mate/ial, such as slag or 
ground Hmestone^ if in considerable amount. It is useful in determining 
whether cerUin constituents, such as magnesia and sulphuricanhydride 
are present in inadmissible proportions. 

6. The determination of the principal constituents of cement, silica, 
alumina, iron oxide, and lime, is not conclusive as an indication of quality. 
Faulty cement results more frequently from imperfect preparation of the 
raw material or defective burning than from incorrect proportions. Ce- 
ment made from material ground very finely and thoroughly burned may 
contain much more lime than the amount usually present, and still be 
perfectly sound. On the other hand, cements low in lime may, on account 
of careless preparation of the ra^ material, be of dangerous character. 
Furthermore, the composition of the product may be so greatly modified 
by the ash of the fuel used in burning as to affect in a great degree the 
significances of the results of analysis. 

7. Method, The method to be followed should be that proposed by the 

Committee on Uniformity in the Analysis of Materials for the Portland 
Cement Industry, reported in the Journal of the Society for Chemical 
Industry, Vol. 21, page 12, 1902; and published in Engineering News, 
Vol. 50, p. 60, 1903; and in Engineering Record y Vol. 48, p. 49, 1903, and 
in addition thereto, the following: ’ 

The insoluble residue may be determined as follows: To a i-gramme 
sample of the cement are added 30 cu. cm. of water and 10 cu. cm, of 
concentrated hydrochloric acid, and then warmed until the effervescence 
ceases, and digested on a steam bath until dissolved. The residue is 
filtered, washed with hot water, and the filter paper and contents di- 
gested on the steam bath in a 5% solution of sodium carbonate. This 
residue is filtered, washed with hot water, then with hot hydrochloric 
acid, and finally with hot water, and then ignited at a red heat and 
weighed. The quantity so obtained is the insoluble residue. 

An exceedingly simple test for determining adulteration with raw or 
partially burned rock, is the treatment of the cement with muriatic acid 
as described in the purity test on page 4. It does not furnish the per- 
centage of foreign ingredients, but the black precipitation of the adulter- 
ant darkens the color of the yellow jelly to a degree depending upon the 
quantfty of adulteration. 

Specific Oiavity. 8. Significance, The specific gravity of cement is 
lowered by adulteration and hydration, but the adulteration must be 
considerable to be detected by tests of specific gravity. 

9. Inasmuch as the differences in specific gravity are usually very 
small, great care must be exercised in making the determination. 

10. Apparatus, The determination of specific gravity should be made 
with a standardized Le Chatelier apparatus. This consists of a flask 
(D), Fig. 9, of about 120 cu. cm. capacity, the neck of which is about 20 
cm. long; in the middle of this neck is a bulb (C), above and below which 
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arc two marks (F) and {E ) ; the volume between these two marks is 20 
cu, cm. The neck has a diameter of about 9 mm., and is graduated into 
tenths of cubic centimeters above the mark (F). 

11. Benzine (62® Beaume naphtha) or kerosene free from water should 
be used in making the determination. 

1 2. Method, The flask is filled with either of these liquids to the lower 
mark {E)y and 64 grammes of cement, cooled to the temperature of the 
liquid, is slowly introduced through the funnel (B), (the stem of which 


B 



Fig. 9. — ^Le Chatclier’s Specific Gravity Appjiratu.s. {See p, 6j) 


should be long enough to extend into the flask to the top of the bulb (C)) , 
taking care that the cement does not adhere to the sides of the flask, and 
that the funnel does not touch the liquid. After all the cement is intro- 
duced, the level of the liquid will rise to some division of the graduated 
neck ; this reading, plus 20 cu. cm., is the volume displaced by 64 grammes 
of the cement. 

13. The specific gravity is then obtained from the formula 
^ Weight of cement, in grammes, 

^ Displaced volume, m cubic centimeters. 
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14. The flask, during the operation, is kept immersed in water in 
a jar f/1), in order to avoid variations in the temperature of the liquid 
in the flask, which should not exceed Cent. The results of re])eated 
tests should agree within o.oi. The determination of specific gravity 
should be made on the cement as received; if it should fall below 3.10, 
a second determination should be made after igniting the sam])le at a 
low red heat in the following maimer: One-half gramme of cement is 
heated in a weighed platinum crucible, with cover, for $ minutes wdlh a 
Bunsen burner (starting with a low flame and gradually increasing to its 
full height) and then heating for 15 minutes with a blast lamp; the dif- 
ference between the weight after cooling and the original weight is the 
loss on ignition. The temperature should not exceed 900° Cent., and the 
ignition should preferably be made in a muJlle. 

15. The apparatus may be cleaned in the following manner: The 
flask is inverted and shaken vertically until the liciuid flows freely and 
then held in a vertical position until empty; any traces of cement remain- 
ing can be removed by pouring into the flask a small quantity of clean 
liquid benzine or kerosene and repeating the operation. 

The usual specific gravities of different classes of cement are given on 
page Si. 

Le Chatelier^s apparatus, suggested abo\'e as most convenient, was also 
recommended by Mr. E. Candlot after exj)erimcnts for the French Com- 
mission,* in w^hich he employed for comparison the Mann, Keate, Schu- 
mann, and Candlot, as well as the Le Chatelier apparatus. 

Mr. Daniel D. Jacksonf has more recently devised an api>aratus with 
which temperature corrections can be made more readily than with the 
older types. 

Pineness. 16. Significame, It is generally accepted that the coarser 
particles in cement are practically inert, and it is only the extremely 
fine powder that possesses cementing qualities. The more finely cement 
is pulverized, other conditions being the same, the more sand it will 
carry and produce a mortar of a given strength. 

17. Apparatus, The fineness of a stimple of cement is determined by 
weighing the residue retained on certain sie\'es. Those know’ix as No. 
100 and No. 200, having approximately 100 and 200 wdres per linear inch, 
respectively, should be used. They should be at least 8 in. in diameter. 
Tl\e wire cloth should be of brass wire, and should conform to the follow- 
ing requirements: 




1 Meshes per linear inch 

No. of sieve 

Diameter of wire 



— — 



Warp 

Woof 


in. 



100 

0.0042 to 0.0048 

95 to 101 

93 to 103 

200 

0.0021 to 0,0023 

192 to 203- 

190 to 20s 


* Commission des M6thodes d'Essai des Mat^riaux de Construction* z395* Vol. JV* p. 15. 
t See EufinuriHg Record, July z6* 1904* p. Ss. 



68 


A TREATISE ON CONCRETE 


The meshes in any smaller space, down to 0.25 in., should be propor- 
tional in number. 

18. Method, The test should be made with 50 grammes of cement, 
dried at a temperature of 100® Cent. (212® Fahr.) 

19. The cement is placed on the No. 200 sieve, which, with pan«and 
cover attached, is held in one hand in a slightly inclined position and 
moved forward and backward about 200 times per minute, at the same 
lime striking the side gently, on the up stroke, against the palm of the 
other hand. The oi)cration is continued until not more than 0.05 
gramme will pass through in one minute. The residue is weighed, then 
placed on the No. 100 sieve, and the operation repeated. Thework may 
be expedited by placing in the sieve a few large steel shot, which should 
be removed before the final one minute of sieving. The sieves should be 
thoroughly dry and clean. 

Laboratory scales for weighing the samples and the residue are illus- 
trated in Fig. 10. 



Fio 10. — Delicate Laboratory Scales. {Sie p. 6 S) 

A table is given on page 84 for comparing American and European 
sieves, and the effect of the fineness of cement upon its strength is dis- 
cussed on page 82. 

It is impracticable to sift cement through a sieve finer than 200 meshes 
per linear inch. The particles which will just pass a No. 200 sieve are 
about 0.10 millimeter (0.004 1 ^* ** ) 1 ^ diameter.* For still further sepa- 
rating the cement, some method based on the principle of suspension in 
liquid is employed as described on page 8$. 

Normal Consistency. 20. Significance. The use of a proper per- 
centage of water in making pastesf and mortars for the various test^ is 
exceedingly important and afects vitally the results obtained. 

21. The amount of water, expressed in percentage by weight of the 
dry cement, required to produce a paste of plasticity desired, termed 
“normal consistency,” should be determined with the Vicat apparatus 
in the following manner: 


*AUeQ Ha«en in Report 'Ma«achusetts State Board of IleaUh, i8oa ' 

tThe term 'paste * is used 'n this report to desiKuate a mixture of cement and water, and the word 

**mortar*^ to d( signatc a mixture of cement, sand and mortar. ^ 
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2^/ Apparatus, This consists of a frame (A), Fig. 11, bearing a mov- 
able rod (J 9 ), weighing 300 grammes, one end (C) being i an. in diameter 
for a distance of 6 cm., the other having a removable needle (/)), i mm, in 
diameter, 6 cm. long. The rod is reversible, and can be held in any de- 
sired position by a screw (£), and has midway between the ends a mark 
(F) which moves under a scale (graduated to millimeters) attached to the 
frame (A), The paste is held by a conical, hard-rubber ring (G), 7 cm. 
in diameter at the base, 4 cm. high, resting on a glass plate (//) about 10 
cm. square. 



Fig. it. — V icat Apparatus. (See p, dp) 

23. Method. In making the determination, the same quantity of 
cement as will be used subsequently for each batch in making the test 
pieces, but npt less than 500 grammes, with a measured quantity of 
water, is kneaded into a paste, as described in Paragraph 45, and quickly 
formed into a ball with the hands, completing the operation by tossing 
it six times from one hand to the other, maintained about 6 in. apart; 
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the ball restinj? in the palm of one hand is pressed into the larger end of 
the rubber ring held innithe other hand, completely filling the ring with 
pa§te; the excess at the larger end is then removed by a single movement 
of the palm of the hand; the ring is then placed on its larger end on a 
glass plate and the excess paste at the smaller end is sliced off at the top 
of the ring by a single oblique stroke of a trowel held at a slight angle 
with the top of the ring. During these operations care must be taken 
not to compress the jiastc. The paste confined in the ring, resting on 
the plate, is placed under the rod, the larger end of which is brought in 
contact with the surface of the paste; the scale is then read, and the rod 
quickly released. 

24. The paste is of normal consistency when the cylinder settles to a 
point 10 mm. below the original surface in one-half minute after being 
released. The apparatus must be free from all vibrations during the test, 

25. Trial pastes arc made with varying percentages of water until the 
normal consistency is obtained. 

26. Having determined the percentage of water required to produce 
a paste of normal consistency, the percentage reciuired for a mortar con- 
taining by weight one part of cement to three parts of standard Ottawa 
sand, is obtained from the following table, the amount being a per- 
centage of the combined weight of the cement and sand. 


Percentage of Water for Standard Mortars , 



One ccmtMit . 


One cement . 1 


One cement. 

cat 

throe si andanl 

Neat 

three staiKl.ird 

Neat 

thr e standard 


Ottawa satnl 


Ottawa ban<l 


Ottawa sand 

'5 

8 0 

23 

9 3 

3 » 

IC 7 

ih 

8 2 

24 

9 5 

3 ' 

10 8 

17 

8 3 

' 

9 7 

33 

j r 0 

t8 

: s s 

26 

9.8 

i 

1 1 2 


8 7 

27 

TO 0 

' 35 

3 

20 

8.8 

28 

10 2 

39 

II 5 

21 

Q.O 

W 29 

f* 

10 3 


II 7 

22 

q 2 

30 

10 5 

i 38 

118 


Formulas of Mr, R. Fcrct for determining the percentage of water for 
sand mortars, and a table formally used, are presented on ])ages 86 and S8. 

The Boulogne Method for determining the proper consistency of neat 
paste was formerly in general use in France, and is still the best guide for 
determining the correct consistency of paste w’hcn the Vicat apparatus is 
not available. The Vicat apparatus, however, should be included in every 
well equipped cement laboratory, exi)erinients by JMessrs. P. Alexandre 
and R. Feret for the French Commission* showing that it gives much 
more uniform results than the Boulogne method. 

^Commission ilcs Mctho<tcs d’Essni dcs Matdriaux dc Construction, 1895, Vol. IV, p. 49. 
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The Boulogne method requires that the paste shall be firm but well 
bonded, shining and plastic, and shall satisfy th#^» tfol lowing conditions: 

1. The consistency shall not change if it is Avorked 3 minutes longer 
than the original $ minutes.* 

2. If dropped 50 centimeters (20 in.) from a trowel, it should leave 
the trowel clean, and fall without losing its shape or cracking. 

3. Light pressure in the hand should bring water to the surface, and 
the paste should not stick to the hand. If a ball thus formed falls from 
a height of about 50 centimeters (20 in.) it should retain its rounded form 
without showing cracks. 

4. The proportion of water should be such that more or less will 
produce opposite effects from those just described for the proper con- 
sistency. 

Time of Setting. 27. SigniHcame, The object of this test is to 
determine the time which elapses from the moment water is added until 
the paste ceases to be plastic (called the ‘‘initial set’^), and also the time 
until it acquires a certain degree of hardness (called the “final set’* or 
“hard set”)- The former is the more important, since, with the com- 
mencement of setting, the process of crystallization begins. As a dis- 
turbance of this process may produce a loss of strength, it is desirable to 
complete the operation of mixing or moulding or incorporating the 
mortar into the work before the cement begins to set. 

28. Apparatus. The initial and final set should be determined with 
the Vicat apparatus described in Paragra])h 22. 

2C). Method. A paste of normal consistency is moulded in the hard- 
rubber ring, as described in Paragraph 23, and' placed under the rod 
(B), the smaller end of which is then carefully brought in contact with 
the surface of the paste, and the rod quickly released. 

30. The initial set is said to have occurred when the needle ceases to 
pass a point 5 mm. above the glass plate; and the final set, when the 
needle does not sink visibly into the paste. 

31. The test pieces should be kept in moist air during the test; this 
may be accomplished by placing them on a rack over water contained 
in a pan and covered by a damp cloth; the cloth to be kept from contact 
with them by means of a wire screen; or they may be stored in a moist 
box or closet. 

32. Care should be taken to keep the needle clean, as the collection 
of cement on the sides of the needle retards the penetration, while cement 
on the point may increase the penetration. 

33. The time of setting is affected not only by the percentage and 
temperature of the water used and the amount of kneading the paste 
receives, but by 3Lhe temperature and humidity of the air, and its deter- 
mination is, therefore, only approximate. 


*Thc' origiaal working for the U. S. Standard tests is one minute (see paragraph 4$). 
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For practical purposes ia ordinary construction where laboratory appa- 
ratus is unavailable, the setting qualities of a cement or mortar may often 
be examined by making up pats from a number of the packages and try- 
ing their hardening by pressure of the thumb. When the thumb nail 
fails to indent the surface, the paste or mortar may be considered to 
have reached its final set. 



Fjg. 12 . — Details for Briquette. {See p. 


The GUmorc needles, described on page 89 and there compared with 
the Vicat apparatus, were formerly the U. S. standard. 

Standard Sand. 34. The sand to be used should be natural sand 
from Ottawa, * 111 ., screened to pass a No. 20 sieve, and retained on a No. 
30 sieve. The sieves should be at least 8 in. in diameter; the wire cloth 
should be of brass wire and should conform to the following requirements : 
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! Meshes per linear inch 

No. of sieve 

Diameter of wire 

Warp 

Woof 


in. 



20 

0.016 to 0.017 

ig s to 20 s 

19 to 21 

30 

O.OII to 0 012 

.-g s to 30- S 

28 5 to 31 s 


Sand which has passed the No. 20 sieve is standard when not more 
than s grammes passes the No. 30 sieve in one minute of continuous 
sitting of a 500-gramme sample.* 

Photographs of the grains of Ottawa and of crushed quartz sand are 
shown on page 175. ^ 

Form of Test Pieces. 35. For tensile tests the form of test piece shown 
in Fig. 12 should be used. 

36. For compressive tests, 2-in. cubes should be used. 




Fig. 13a. — Mould fer Compression Test Pieces. {See p. 73) 


European is compared with U. S. standard sand on page 90. 

The German standard britjuette is sketched on page 92. 

Moulds. 37. The moulds should be of brass, bronze, or other non- 
corrodible material , and should have sufficient metal in the sides to prevent 
spreading during moulding. 

38. Moulds may be either single or gang moulds. The latter are 
preferred by many. If used, the types shown in Figs. 13 and 13a are 
recommended. 

39. The moulds should be wiped with an oily cloth before using. 

Mudng. 40. The proportions of sand and cement should be stated by 

weight; the quantity of water should be stated as a percentage by weight 
of the dry material. 

*This Sind may now ( 19 x 2 ) be obtained from the Ottawa Silica Co., at a cost of (wo cents per pound 
f. o. b. cars, Ottawa, 111. 
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. 41. The metric system is recommended because of the convenient ‘ 
retain of the gramme and the cubic centimeter. 

42. The temperature of the room and of the mixing water should 
be maintained as nearly as practicable at 21^ Cent. (70® Fahr.). 

43. The quantity of material to be mixed at one time depends on the 
number of test pieces to be made; 1 000 grammes is a convenient quantity 
to mix by hand methods. 

44. The Committee has investigated the various mechanical mixing 
machines thus far devised, but cannot recommend any of them, for the 
following reasons: (i) the tendency of most cement is to “ball up” in 
the machine, thereby preventing working it into a homogeneous paste; 
(2) there are no means of ascertaining when the mixing is complete 
without stopping the machine; and (3) it is difficult to keep the marine 
clean. 

45. Method, The material is weighed, placed on a non-absorbent 
surface (preferably plate glass), thoroughly mixed dry if sand be used, 
and a crater formed in the center, into which the proper percentage of 
clean water is poured; th^ material on the outer edge is turned into the 
center by the aid of a trowel. As soon as the water has been absorbed, 
which should not require more than one minute, the operation is com- 
pleted by vigorously kneading with the hands for one minute. During 
the operation the hands should be protected by rubber gloves. 

The apparatus required for mixing briquettes consists of a piece of 
i-inch plate glass at least 24 inches square, counter scales (preferably 
metric system), recording from iV gram to kilograms, a 250 cubic 
centimeter graduated measuring glass, rubber gloves, one 8-inch mason’s 
trowel, one 4-inch pointing trowel. Fig. 14, and a ther- 
mometer. 

Fig. 14. European standards specify mixing five minutes in- 
{See p, 73) stead of one minute. This difference in time is due 
to the methods of manipulation, in Europe the materials being mixed 
with a trowel or spoon. Experiments by the authors tend to show that 
a denser mixture can be obtained by kneading one minute than by 
mixing five minutes with a trowel, so that the American method is 
both quicker and better. 

Moulding. 46. The Committee has not been able to secure satis- 
factory results with existing moulding machines; the operation of machine 
moulding is very slow; and is not practicable with pastes or mortars 
containing as large percentages of water as herein recommended. 

47, Method, Immediatelyaftermixing, the paste or mortar is placed 
in the moulds with the hands, pressed in firmly with the fingers, and 
smoothed off with a trowel without ramming. The material should 
be heaped above the mould, and, in smpothing off, the trowel should 
be drawn over the mould in such a manner as to exert a moderate pres- 
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sure on the material. The mould should then be turned over and the 
operation of heaping and smoothing off repeated. 

4S. A check on the uniformity of mixing and moulding may be afforded 
by weighing the test pieces on removal from the moist closet; test pieces 
from any sample which vary in weight more than 3% from the average 
should not be Considered. 

The method of introducing the paste or mortar into the moulds exercises 
considerable effect upon the strength of the specimen. If a compara- 
tively dry mixture is employed and it is packed in thin layers into the 
mould, a denser mass results and the strength is higher, especially on 
short-time tests, than with specimens of a wet or plastic coni^istency. 
Results from plastic cements and n^ortars, however, show greater uni- 
formity. 

Although the French Commission in 1893 specified the method of 
using dry mortar, they recommended that after an international agree- 
ment standard plastic mortars be employed for all tests. 

Experiments by Mr. R. Feret, made for the French Commission,* 
which are summarized in an article by the authorsf on Variation in 
Strength of Mortars, give the comparative strengths of specimens beaten 
with a spatule (the German method), pressed with a hand rammer, 
rammed in the Tetmajer apparatus, and rammed with the Bohme 
rammer (an alternate German method). 

Storage of the Test Pieces. 49. During the first 24 hours after 
moulding, the test pieces should be kept in moist air to prevent drying. 

50. Two methods are in common use to prevent drying: (i) covering 
the test pieces with a damp cloth, and (2) placing them in a moist closet. 
The use of the damp cloth, as usually carried out, is objectionable, 
because the cloth may dry out unequally and in consequence the test 
pieces will uot all be subjected to the same degree of moisture. This 
defect may be remedied to some extent by immersing the edges of the cloth 
in water; contact between the cloth and the test pieces should be prevented 
by means of a wire screen, or some similar arrangement. A moist closet 
is so much more effective in securing uniformly moist air, and is so easily 
devised and so inexpensive, that the use of the damp cloth should be 
abandoned. 

51, A moist closet consists of a soapstone or slate box, or a wooden 
box lined with me+al, the interior surface being covered with felt or broad 
wicking kept wet, the bottom of the box being kept covered with water. 
The interior of the box is provided with glass shelves on which to place 
the test pieces, the shelves being so arranged that they may be with- 
drawn readily. 

*ConmissfendesMftbodesd’£s8aide8MaUriauxdeCon8miction.x895* Vol IV, p 75. 
tC July. iQQ3«p 165. 



A TREATISE ON CONCRETE 



FRONT VIEW SIDE VIEW 


Fig. i6. — Immersion Tanks. {See p, 76) 


y* 8OAP6TON6 
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52. After 24 hours in moist air, the pieces to be tested after longer 
periods should be immersed in water in storage tanks or pans made of 
non-corrodible material. 

53. The air and water in the moist closet and the water in the storage 
tanks should be maintained as nearly as practicable at 21® Cent. {70® 
Fahr.). 

A moist closet and storage pans designed by Mr. Richard L. Humphrey 
are shown in Figs. 15 and 16, page 76. 



Tensile Strength. 54. The tests may be made with any standard 
machine. 

55. The clip is shown in Fig. 17. It must be made accurately, the 
pins and rollers turned, and the rollers bored slightly larger than the 
pins so as to turn easily. There should be a slight clearance at each 
end of the roller, and the pins should be kept properly lubricated and 
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free from grit. The clips should be used without cushioning at the 
points of contact. 

56. Test pieces should be broken as soon as they are removed from 
the water. Care should be observed in centering the test pieces in the 
testing machine, as cross strains, produced by imperfect centering, tend 
to lower the breaking strength. The load should not be applied too sud- 
denly, as it may produce vibration, the shock from which often causes 
the test ])iece to break before the ultimate strength is reached. The 
bearing surfaces of the clips and test pieces must be kept free from grains 



Fig. 17a.— Ball-Bearing Bkxk for Testing Machine. {See P.7S) 


of sand or dirt, which would prevent a good bearing. The load should 
be applied at the rate of Ooo lb. per min. The average of the results of 
the test pieces from each sample should be taken as the test of the sample, 
"rest pieces which do not break within \ in. of the center, or are other- 
wise manifestly faulty, should be excluded in determining average results. 

Compressive Strong. 57. The tests may be made with any machine 
provided with means for so applying the load that the line of pres- 
sure is along the axis of the test piece. A ball-bearing block for this 
purpose is shown in Fig. 17a. Some appliance should be provided to 
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To be made of sheet copper welehJn*: 22 oz. per sq.ft., tinned Inside. 

Al] seams to be lapped where possible. Hard solder only to be used. 

Fig. I S. — Apparatus for Making Accelerated Test for Soundness of Cement. (See p. 78b) 
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facilitate placing the axis of the test piece exactly in line with the center 
of the ball-beariitg. 

58. The test piece should be placed in the testing machine, with a 
piece of heavy lilotting paj^cr on each of the crushing faces, which should 
be those that were in contact with the mould. 

Constancy of Volume. 59. Significance, The object is to detect 
those qualities whi('h tend to destroy the strength and durability of a 
cement. Under normal conditions these defects will in some cases 
develop quickly, and in other cases may not develop for a considerable 
time. Since the detection of these destructive qualities before using the 
cement in construction is essential, tests arc made not only under nor- 
mal c >nditions but under artificial conditions created to hasten the devel- 
ofiment of these defects. Tests may, therefore, be divided into two 
classes: (t) Normal tests, made in cither air or water maintained, as 
neady as firacticablc, at 21^ Cent. (70° Fahr.) ; and (2) Accelerated tests, 
made in air, steam or water, at temperature of 45° Cent. (113® Fahr.) and 
Uj)^^ard. The Committee recommends that these tests be made in the 
following manner: 

60. ATcthods. Pats, about 3 in. in diameter, -J' in. thick at the center, 
and tapi*’*ing to a thin edge, should be made on clean glass plates (about 
4 in. S(|uare) from cement paste of normal consistency, and stored in a 
moist closet for 24 hours. 

61. Normal Tests. After 24 hours in the moist closet, a pat is im- 
mersed ill water for 28 days and observed at intervals. A similar pat, 
after 24 hours in the moist closet, is ex[)osed to the air for 28 days or 
more and observed at intervals. 

O2. Accelcraled Test. After 24 hours in the moist closet, a pat is 
lilaced in an atmosphere of steam, upon a wire screen i in. above boiling 
water, for 5 hours. The apparatus should be so constructed that the 
steam will esc;q)e freely and atmospheric pressure be maintained. Since 
the t} ])e of api)aratus used has a great intluence on the results, the 
arrangement shown in Fig. tS, page 7Sa, is recommended. 

63. Pals which remain firm and hard and show no signs of cracking, 
distorlion, or disintegration arc said to be “of constant volume” or 
“sound.” 

64. Should the pat leave the plate, distortion may be detected best wath 
a straight edge apiilied to the surface which was in contact with the plate. 

65. In the present state of our knowledge it cannot be said that a 
cement which fails to ])ass the accelerated test will prox e defective in the 
work; nor can a cement be considered entirely safe simply because it has 
passed the.se tests. 

Gkorgk S. Wkrstkr, Chairman. Alfrfd Noble, 

Richard L. Humphrey, .^'cert’/ury. Clitford Richardson, 

W. 11 . W. Howe, L. S. Sabin, 

F. H. Lewis, George F. Sw^ain. 

S. B. Newberry, 
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ELEMENTARY DIRECTIONS FOR TESTING SOUNDNESS 

Soundness tests, which arc of greater ini|>ortaiu c than any other one 
test, may be made by those uiiskiUe<l in laboratory practice, with no 
apparatus except a piece of plate glass at least J inch thick an*l 12 by 18 
inches square, pieces of window glass 4 inches siiuare, and a small trowel. 
Take samples at random from several barrels or bags, as described on 
page 64. Trom each sanqdc make three ])ats of neat tement, reejuiring 
for the three about 8 ounces (250 grams) or one cu]dul of dry cement. 

Cements of different classes and degrees of lineness require different 
percentages of water, 'rhe consistency must be such that the cement can 
be readily kneaded without crumbling and fornK'd into a smooth ])at with 
a thin edge, when ])ressed upon the piece of glass ])r(>vidcd for it, witiumt 
running or losing its sha[)e.* Approximate amounts may be taken for the 
first trial of any cement, as, — 

Portland C'cnuMit 20% of water by weight 

Natural “ 30% ‘‘ “ 

PuzzoUn “ ‘18% 

If these (quantities after kneading give too wet or too dry a mixture, the 

paste should be thrown away and the trial rept'aied with less or more water 
until the desired consistency is attained. The pen'cntage thus (hdermined 
may generally be used in the remaining tests of the same .shipment of 
cement. 

Place a .sample of the dry c'ement upon the plate glass in the form of a 
mound, and wdlh the small trowel make a depre^ssion in the ( enter. Weigh, 
or measure, a quantity of waiter which has been found by trial to give the 
proj)cr consistency, and j3our it into the deqiression, allow'ing it to soak into 
the cement, and then turn the material on tlie edgi's into the water with a 
trow'cl. As soon as the waiter is absorbed, the paste is kneadi‘d for r I 
minutes with the hands, which should he proteriiMl w'ith rubber gloves. 

A piece of wa’ndow glass about 4 inches .stquare is required for each ]jat. 
A portion of the paste is made into a hall and pressed u])on one of 
these pieces of glass so as to form a cin ular qxrt about inches in diameter 
and J inch thick in the center, tapering to a thin edge. l"or the first 24 
hours, to prevent the surface from drying loo quickly, the q)als must be 
kept under a cloth moi.stencd and suspended above the ])at.s, with its ends 
immersed in water to kcej) it wet. The temperature of the air while 
mixing, and of the water for mixingand .storage, should be maintained as near 
as possible to 70® Fahr. (21° Cent.). At the end of 24 hours one pat should 

*Soi; alsn Boulogne method, p. 70. 
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be placed in water and another in air, to be observed at intervals for a 
period of 28 days, and the third pat placed upon some sort of a frame in a 
loosely covered vessel over boiling water, and kept there, with the water 
boiling, for 5 hours. The possible defects which arc mentioned above in 
paragraphs 74 and 75 are described at length on page 103, 

APPARATUS FOR A CEMENT TESTING LABORATORYf 

(The apparatus is designed for one experimenter. Where the number 
of pieces is not stated, their number depends upon the quantity of cement 
to be tested.) 

♦One piece plate glass, one inch thick, 24 by 24 inches square; 

♦Two or more gangs of 4 or 5 molds each — A. S. C. E. standard (see 
Fig- 13. P- 73); 

♦One metric counter scale recording from 10 grams to kilograms. 
♦One No. 100 sieve (96 to too meshes to the linear inch) about 20 centi- 
meters (7.87 ins.) in diameter and 6 centimeters (2.36 in.) high, made 
of woven brass wire cloth, with wires 0.0045 inches diameter; 

♦One No. 200 sieve (188. to 200 meshes to the linear inch) of similar sixe to 
the No. 100 sieve, and ma<ie of woven brass wire cloth, with wires 
• 0.0024 inches diameter; 

♦One measuring glass graduated to 250 cubic centimeters; 

♦One 8-inch ma.son’.s trowel; 

♦One 4-iiich pointing trowel (see Fig. 14, p. 74); 

♦One-half dozen pairs rubber gloves; 

♦Pieces of window glavSs 4 inches square for soundness tests; 

♦One tensile testing machine (sec Figs. 22 to 27, pf). 94 to 98); 

♦Air thermometer; 

♦Slandani sand; 

'Pwo or more gangs of 4 molds each for 2-inch cubes (see Fig. 43, p. T19); 
Two or more molds for transverse specimens i by i by 6 inches (see Fig. 44, 

p. T2i); 

To-pound tin cans with covers for holding samples; 

One special scale for weighing cement in ascertaining fineness (see Fig. 10, 

p. 68); 

One pan of same diameter as the sieves and 5 centimeters (1.97 in.) deep, 
with cover, for holding sieve when shaking it; 

One measuring glass graduated to 100 cubic centimeters; 

*An asterisk designates the apparatus required for a temporary laboratory on construction 
work. 

fXhis list has been crilictbed and approved by Mr. Richard L. Humphrey. 
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One cement sampler 24 inches long (see Fig. 8, p. 64) 

One and one-half minute sand glass; 

One moist closet (see Fig. 15, p. 75); 

Galvanized iron waste cans; 

Apparatus for steaming and boiling specimens (see Fig. 18, p. 78); 
Tanks for immersing specimens (sec Fig. 16, p. 76); 

Vicat needle apparatus (see Fig. ii, p. 69); 

One compression testing machine (adapted also to transverse tests), capac- 
ity 50,000 lb. (sec Figs. 41 and 42, pp. 117 and 118); 

Chemical thermometer; 

Specific gravity apparatus (see Fig. 9, p. 66) ; 

Microscope with ij inch objective; 

Set of sieves, about 8-inch diameter, for analyzing sands, sizes No. 4, 8, 
20, 50-100 (the number corresponds to the number of meshes to the 
linear inch) (see p. 159a); 

Mechanical shaker for sifting sand (see Fig. 68, p. 195). 

SPEGIFIO GRAVITY OF DIFFERENT CEMENTS 

The specific gravity test, by determining whether a cement is thoroughly 
burned, supplements the chemical analysis, since the latter does not in<licate 
the degree of calcination. A Puzzolan cement may be distinguished from 
a true Portland because its specific gravity is usually between 2.7 and 2.9, 
while that of Portland ranges from 3.05 to 3.15. The adulteration of 
Portland cement lowers its specific gravity, because the substances used, 
— powdered sand, limestone, trass or slag, — arc lighter than ]jarticlts of 
pure cement. The test will not detect a small adulteration nor adulteration 
with a material of high specific gravity. 

Natural cement usually has a specific gravity above 2.75, ranging from 
this sometimes as high as 3.1,* thus overlapping the inferior limit given 
for Portland cement. 

The specific gravity of cement is lowered by exposure, because of the 
absorption of water and carbonic acid, hence the necessity of drying it 
at 100° Cent. (212° Fahr.) before determining. Even this temperature 
may not always be sufficient to restore old cements to their original con- 
dition, f 

A neat little device for dropping fine material into a specific gravity 
apparatus so as to prevent the entraining of air has been devised by Mr. 
Thomas H. Wiggin. A thin wooden board with a circular hole in it is 

♦Tests of Metals, U. S. A., 1901, p. 476. 

•fSec experiments in Tests of Metals, U. S. A., 1901, p. 476, and Dr. H. Kupfender in Thonin^ 
dustriexeitung, translated in Cement^ March, 1903, p. 23. 
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placed above the apixiraliis and a paper funnel fitted into the hole and 
filled with dry cement. An electro-magnet, such as is used with an 
ordinary electric door- bell, is connected with its storage battery and ar- 
rangefl so that the clap])er, instead of striking a bell, strikes a metal 
plate attached to the corner of the board. The constant tapping jars 
the funnel so that tlie grains fall slowly into the apparatus without re- 
quiring the attention of tlie operator. 

ADVANTAGES OF FINE GRINDING 

The effects of fineness of grinding upon cements are to make them, — 

Stronger wlien tested with sand; 

Weaker wlien tested neat; 

Quicker setting; 

Capable of producing a larger volume of paste; 

Less afi'ected by free lime. 

Fineness is expressed by the ])ercentage of the total weight of the cement 
retained on each sieve. 

A recognition of the value of extreme fineness has led to the adoy)tion of 
higher standards than fi^rmerly, and manufacturers have accordingly im- 
proved the quality of their product in this respect. As an illustration of 
this, in 1875 it was a common recjuiremenl for Portland cement that 85% 
should pass, or not more than 15^;' be retained on, a sieve having 50 
meshes per linear inch; in 189,:? ^lax Cary gave the (ierman standard as 
qo^ J^to })ass, or not more than 10^ retained on, a sieve having 76 

meshes per linear inch, while in i()04 specifications for first-class work 
required not more than from 6%. to 10* to be retained on a sieve having 
TOO meslics jht linear inch, and not more thiin 2 o\,o to 35^'^ ^^cve 
having 200 meshes per linear inch. Some American factories are equipped 
to grind even finer than this, shi]>ping cement of which less than 10% is 
retaine<l on a No. 200 .sieve. Standard requirements for different cements 
are given in the sjiecifications on pages 30 and 31. 

Strength affected by Fineness. With the same proi)ortions of sand 
higher tensile and comj^rcssivc strength is obtained from finely ground 
than coarsely ground cements. Conversely, a larger proportion of sand 
can be used with line ground than with coarse ground cement, with the 
same resulting strength. 

The chief cementing value of a cqment lies in the grains which are 
fine enough to pass a sieve having 200 meshes per linear inch. Photo- 
graphs of thin sections of sanil briquettes several years old made by 



STANDARD CEMENT TESTS 83 

Mr. E. W. Lazell show v<irv clearly the coarser grains of cement wliich 
have never been penetrated and chemically changed by the water. 

Tested neat, a coarse cement may give higher strength than the same 
cement after regrinding. This is chiclly due, in the opinion of the authors, 
to the fact that the fine cement recpiires more water in gaging to produce 
the same consistency of paste, so that the same weight of cement produces 
a larger volume of paste, which therefore has less density and consecjuently 
lower strength. When sand is added, on the tUher hand, less intiuence is 
exerted by the water, liecause in any case a smaller xoliimc of it is reejuired 
in proportion to the dry materials, and l)csides tliis the very fine grains, 
vvhich also have higher cementing qualities, tit mon*, readily into the voids 
in the sand. The relation of the density of a mortar to its strength is dis- 
cussed in Chapter JX, i)age 132. 

The etTect of the fineness of cement upon its strength was brought to 
general notice by Mr. John Grant* in i8tSo, who (piotes experiments made 
in Germany by DyckerhotT. In 1883 Mr. I. J. Mann| illustrated the 
small cementing value of the coarse particles by substituting for them 
grains of sand of the same size, with but little reduction in the resulting 
strength. 

The following talile from tests reported in 1885 by Mr. lOliot C. ('larke']! 
illustrates the effei t of the fineness of cement on ])aste and mortars. All 
of these cements would be reckoned as coarse in modern prac tice, but the 
relative results are still of interest. 

Tensile Strength oj Mortar Affected hy Fineness of Cement, 

ItY Kmot C. Clarkf. 
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♦Proceedings Institution of Civil Engineers, Vol. LXIf, p. 149. 
fProccedings Institution of Civil Engineers, Vol, LXXI, p. 254. 
{Transactions American Society of Civil Engineers, Vol. XIV, p. 158. 
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Mr. D. B. Butler* in England has made extended tests to determine the 
value of coarse particles in cement and the effect of regrinding. A sum- 
mary of one of his tables, illustrating also the effect of fineness upon the 


Effect of Re grinding Coarse Particles and of Substituting Sand. 

By David B. Butler. 
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time of set, gives the average of his results from four brands of Portland 
cement. 

The fine grinding of commercial cements, by accelerating the setting, has 
been one of the causes for the necessity of adding gypsum or plaster 
during manufacture. 

American vs. European Sieves. Standard sieves recommended by the 
American Society of Civil EngineersJ and the French Commission§ are 
tabulated below with English and Metric equivalents. 
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♦Proceedings Institution of Civil Engineers, Vol. CXXXII, p. 343 , and Butler's Portland Cement, 
1899, P* 

fAll particles not passing No. i8o sieve (averaging 33.7% by weight) were removed from the 
original cement as received, and sand having grains of similar sire substituted for them. 

JSee p. 67. 

{Commission dcs M^thodes d'Essai des Mati^riaux de Construction, 1894, Vol. T, p. 248. 
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French Sieves. 


FRENCH STANDARD 
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Separating Material Passing No. 200 Mesh Sieve. Tlie high 
cementing value of the grains of cement passing a No. 200 sieve leads 
in elaborate tests to still finer separations. In studies for soil analysis 
chiefly, the various methods of separating the different sized grains have 
been developed. They are fully described in Wiley’s Principles and 
Praclire of Agricultural Analysis ^ Vol. I, pages 171 to 28 t. The same 
principles arc af)plicablc to cement determinations, except that some 
liquid other than water must be employed. 

Separation may be made by a winnowing device* in which a blast of 
air is directed against falling grains of cement; by settlement through 
water at rest, which in its simplest form may be accom])lished by allow- 
ing the material to settle in a beaker, for a certain length of time and 
then decanlingt; and by means of a Ik^uid in motion, as illustrated in 
the Schone apparatus, and, with still greater exactness, by Ililgard’s 
churn elutriator. J The Schone apparatus has been adapted by Dr. W. 
Michaclis to cement, and has also been employed by Mr. J, B. Johnson. § 

QUANTITY OF WATER FOR NEAT PASTE AND MORTAR 

The quantity of water used in gaging affects the results of tests, es- 
pecially in the determination of the lime of setting and of the strength. 
(See p. 151.) Different cements even of the same class require different 
proportions of water to produce the same consistency, cliicfly because of 
differing degrees of fineness, the cement containing the largest proportion 
fine particles requiring the largest percentage of water by weight. 

For chemical combinations alone about 8 per cent of water to the weight 
Oi the cement is customarily assumed to be required, but in practice the 
percentage must be much greater. 

♦Tests of Metals, U. S. A., 1901, p. 474. 

fAllea Hazen in Report Massachusetts State Board of Health, 1892. 

jwfley's Principles and Practice of Agricultural Analyses, 1894, Vol. I, p. 226. 

{[Johnson's Materials of Construction, 1903, p. 412. 
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Percentage of Water Ia Mortar of Normal Consistency. The loh 

lowing table, leased on the fi>imiila of Mr. Feret given on page 88, which 
is strictly applicable only to French sands and French methods, has 
been suggested i)rovi.sionally by the Committee of the American 
Society for Testing Materials (1904), lor the percentage of water 
for mortars of consisteiuy corresponding to that of normal neat 
paste. To use the table select from the first column the perc entage of 
water reqiiircid for the neat paste of the selected cement and read in 
column of llic desired proportions the percentage of water required for 
the mortar in terms of the sum of the weights of the cement and sand. 
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The Engineers of the U. S. Armyf advocate a dryer mixture than most 

•In the final renort of the Committee on Cement Testa of the American Society of Civil Eneineera, 
dated 1012, the |HTct'nta;;es ot wMCcr to cement plus sand for normal consistency have been r^luced in 
each case o below the values in the above tabic. 

t rroiessional Papers, \o i&. 
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authorities, and the following percentages suggestt'd by them may there- 
fore be taken as representing minimum quantities. 


Portland Cement, 


Neat 20% of water by weight. 

I ccinent: 3 sand “ 


Natural Cement, 


Neat. 30% of water by wc'ight. 

I cement ; I sand 17% “ ’ “ 


Puzzolan i*emcnt. 


Nt at rS% of water by weight. 

I cement : 3 sand 10% “ “ 


French Determination of Consistency of Neat Paste. The Viral 
needle a|)paratiis has been selected in America as well as in hVance as the 
standard a])])liance for deterniinin<ij normal consistency. The apparatus 
is shown in Fig. ti on ])age 69, and the Lb S. standard method of applying 
the iv>t is there dc.scTibed. 

A plastic ])a^le is ])referred to oi^c of dryer eonsistency. The Fremh 
Commission* ad\i.sed a softer eon.si.steney than the Ameriean standard, 
the French refpnring for normal (onsistencT the penetration of a needle 
one centimeter (0.39 in.) in diameter ami weighing grams f 10.58 oz.) 
through a disc of cement 40 millimeters (1.57 in.) lliick to within 6 milli- 
meters (0.23 in.) of the bottom, making a total cJeplh of ])enetration of 
34 millimeters (1.33 in.), while the American Society recommend the 
penetration of a similar needle into a like mass to a dcj)th of 10 millimeters 
(0.39 in.) below the surface. 

Feret’s Formulaf for percentage of water for mortar of normal consis- 
tency was evolved from a very interesting series of experiments. J lie found 
that it was im]>racticable to determine with the Vicat needle the y)ropcr 
consistency of a mortar of cement and sand, and therefore based his deter- 
mination upon the average judgment of several oj)erators, plotting the 
consistencies designated by them upon cross-section j\a})er. 

♦Commission des M^thodes d'Essai des Materiaux tic Construction, 1894, Vol. I, p. 270. 

tCommission des Mdthodcs d'Essai drs Materiaux, 1895, P* 

tMcthods of Mr. Feret’s investigations are described anti illustrated in an article by the authtirs 
on ‘'Quantity of Water to Use in Gaging Mortars” in Cement and Engineering^ News 
(Chicago), November, 1903. 
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His formula is: 

For mortars of plastic consistency,* 

For mortars of dry consistency,* 

2 P 

( 2 ) 

3 + I 

Where 

W = f)crcentage of water for mortar in terms of weight of the mixture of 
dry materials; 

P = percentage of water required for neat cement of normal consistency; 
.S' = parts of sand by w'cight to one ])art cement. 

Mr. Richard L. Humphreyf states that from formula (2) he has ob- 
tained very uniform results with V. S. standard sand, although slight 
nKKlifications are necessary for a mortar containing more or less than 
three parts of sand. 


ARBITRARY PERIODS OF SETTING 


The methods em])loved in mixing and de])osiling the mortar or concrete 
and the character of the construction form a guide to the necessary re- 
quirements for the time of setting of the cement. 

The .setting of cement is due to chemical reaction, as described by Mr. 
Spencer H. Newberry on page 57. The process is a gradual one, but 
may be arbitrarily divided into three ]>eriods: 

Initial set. 

Final set. 


Hardening. 

The dividing line between thc.se periods is arbitrary, but the division is 
based upon the fact that after water is added the )>aste remains plastic for 
a certain period, and then commences to “stilTen” or crystallize. This is 
called the time of initial set. The setting process continues rapidly, and 
when a point is reached that the paste wdll withstand a certain pressure, 
arbitrarily fixed in practice, it is s;iid to have reached its final set. The 


♦The original formula of Mr.Feret corresponding to formula (2) is E (Jo, and to formula 

( 3 ; IS E — 45, in which £“ weight of water in grams required for one kilogram of dry mix- 

ture of cement and sand, xV~ weight of water in grams required for one kilogram of neat cement, 
and .f = >veight in kilograms of cement in one kilogram of the dry mixture. The change in the form 
of the formula permits the direct use of fierccntages. 


tJournal Franklin Institute, 1901-2. 
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process of hardening now <<)nlinucs more slowly, and proceeds \>ilh in- 
creasing slowness for an indefinite period. 

Those unfamiliar with cement construction must bear in mind that a 
cement which has reached its final ‘'set" is nt»t hard nor is it capalilc of 
bearing a load. Natural (einenl, for exam]ile, usually reaches its initial 
and its final sot much earlier than Portland cement, but it hardens more 
slowly, and Natural (oment ma^inry will not bear loading nearly so 
quickly as Portland cement masonry. 

EUROPEAN METHODS FOR DETERMINING SET 

The French and (ierman requirements are similar to the American 
(p. 70) except that in tiieni the commencement of the set is taken as the 
lime when the needle can no longer penetrate entirely to tlu* bottom of the 
box instead oi limiting it to a penetration to a depth of 5 millimeters above 
the bottom surface. 

For sand mortars the French ('ommission designate the final set as the 
moment when the surface of the mortar can support ])ressure of the thumb 
wilhoui incUmtation. As an alternate method, they use tlie Vicat ajqiaratus 
with a needle one centimeter (0.39 in.) in diainettT and weighing 5 kilo- 
grams (if. 02 lb.). The preliminary reports of Mr. K. I'cret and Mr. P. 
Alexander in C'ommission des MiMhodes d’Kssai cies Materiaux de Con- 
struction, i<S95, Vol. IV', ]jp. r j I and 139, describe experiments with dilTercnt 
apjiaratus. 

Comparison of Vicat and Gillmore Needles. The ( jillmorc nee<lles, the 
former American standard, were first used by (leneral Totten in 1830.* 

By these needles the initial set of Neal cement is the time at which a wire 
one-twelfth- inch diameter, loaded to a \ pound, is just supjiorted by the 
mass without appreciable indentation. The fmal set is taken as the time 
when a wire one- twenty fourth-imh diameter, loaded to weigh one pound, 
is su]3j)orted without a])])reciable indentation. 

I 1 ie diagram in Fig. 19, page 90, from experiments made at the 
Watertowm Ar.senalf ui)on various cements (di^signated by letters) shows 
the difference in the nominal time of setting when measured by the 
Gillmore needle and the V'icat nee<llc, emydoying with the latter the 
German method. (See above.) The diagram also shows the variation 
in time of .set of Portland cement occasioned by varying the proportion 
of water, and the effect of leaving out the usual “reslraincr” of plaster 
of Paris or gypsum. 

♦Gillmore ’s Treatise on Limes, Hytlraiilic Cements and Mortars, p. 8o. 

■(•Tests of metals, U. S. A., 1901, p. 492. 
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THE RATE OF SETTING 

The rale of setting of cement, that is, the process of hardening, has 
been studied by th(i J^'rcru'h C'ommisdon* in France and by Prof. Edgar 
B. Kay in the IJnitefl States. The diagram, Fig. 20, page qi, shows 
curves of settiiig made with a machine of Prof. Kay’s design and the 
corresponding tensihi strcngtli of briquettes of the same cement. Prof. 
Kay calls attcntif)n to the [xysitive change from the pla.'^lic to the granular or 
crystalline structure which in the cement shown occurred between the 
periods of 35 and 40 minutes. The elongation of the briquette when 
being liroken gradually changed from J inch at the 5-minutes pcritKl to 
0.15 inch at 40 minutes, while at 200 minutes, or one hour before the 
initial set was completed, tlie elongatii)n was not measurable. 
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AMERICAN AND EUROPEAN STANDARD SANDS COMPARED 

'Fhc character of the sand has so great an effect iqton the strength of a 
mortar tliat for comparing diffcHMU brands of cement or specifying re- 
quirements of strength a Kind of stamlanl size and quality is es.scntial. 

♦Commission dcs NfctlioJcs d'Essai d»'s \f.it^ri.uix do C'mstruttion, 1895, Vo!. TV., p. m. 
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The U. S. Standard Sand recommended by the Committee of the Amer- 
ican Society of Civil I^ngineers, as specified on page 71, is a natural sand 
from Ottawa, 111 ., screened to pass a sieve having 20 meshes per linear inch, 
and retained on a sieve liaving 30 meshes per linear inch. 

The change in America from artificial to natural sand is in accord with 
recent practice abroad. 

The Enf^lish Standard Sand is obtained from a pit at T-eighton lluz/ard,* 
and the screens are the same as in the United Slates. 

The Gerynan Standard Sand is a natural quartz retained between sieves 
having respectively 20 and 28 jneslies per linear inch. 

The French Standard Sand^ a natural sand from T^eucate, France, is 
simple or comi^ound. Simple standard sanrl must ]>a^s a screen having 
holes 1.5 millimeters (0.059 in.) in diameter, and be retained on a screen 
having holes one millimeter (0.039 in.) in diameter. ("om])oun(l stand- 
ard sand is made by forming a mixture of eipial weights of the following: 

(1) Grains passing holes of 2 nun. 
(0.079 in.) and retained by 1.5 
mm. (0.059 in.). 

(2) Grains passing holes of r.5 mm. 
(0.059 in.) aiul retained l;y i 
mm. (0.039 in.). 

(3) Grains passing holes of i mm. 

(0.039 retained by 0.5 

mm, (0.020 in.). 

THE FORM OF BRIQUETTE FOR 
TENSILE TESTS 

Mr. John Grant in 1871! presented 
results of a series of experiments 
with dilTerent forms of bri([uettes and 
sizes of section. Ten year's laterj he 
adopted the form now u.-cd in Kng- 

Fic..2T.---Tho(;orm.iiiStan(lar.tBriqueit^^ land which is subslantiallv the .same 

(dimensions are in millimeters). , 1 , 1 , ' . 

{See page 92.) as that recommended by the .American 

Society of Civil Engineers in 1884, 
and, with a very slight alteration, in 1903. (See Fig. 12, p. 72.) 

The German Standard Briquette, also adopted by the French Commission 

♦Butler’s Portland Cement, 1899, P* 

•[■Proceedings Institution of Civil Engineers, Vol. XXXII, p. 282. 

i^Proccedings Institution of Civil Engineers, Vol, LXIl, p. 137. 
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in 1893, is shown in Fig. 21. The section is 5 square centimeters (0.78 
sq. in.). Results with this form of briquette are lower per unit of area than 
tho.se of the American pattern. Prof. Jerome Soiulericker* in studying the 
quality of strength and uniformity of breaking of different forms, found that a 
groove in tlie sides of the specimen lowered the unit .strength about 13^'i . 

M. Ferctf found that briejuettes of 5 square centimeter section gave 46% 
higher strength per unit of area than briquettes of i6.square centimeter, and 
attributed this difference to lack of homogeneity throughout the .section. 

TO CONVERT METRIC UNITS OP STRENGTH TO ENGLISH UNITS 

To convert values of kilograms per .square centimeter (kg. per sq. cm.) 
to ])oiinrls per square inch (lb. per sq. in.), multiply the former by 14. 2. { 
To convert values of pounds })cr square inch (lb. per sep in.) to kilo- 
grams per square centimeter (kg. per s([. cm.), multiply the former by 
0.07.J 

MACHINES FOR TESTING TENSILE STRENGTH 

A testing mai hine .should be .so designed that the strain can he applied 
(o the briquette at a definite rate without irregularity or jar. The cli])s 
.should be siisjicnded from pivoted ])carings to avoid friction, and should be 
stiff, so that they will not spread. The contact surfaces .should hold the 
brkpiette firmly without crushing it. 

Effect of Eccentricity in Placing Briquettes. One of the causes of 
irregularity in tests of similar briquettes is careless adjustment of the 
briquette in the (.li[)s of the machine, that is, placing it so that it is not 
exactly central. Prof. J. lb John.son|| has discussed this theoretically, and 
concludes that 

if /? -- width of specimen, 

and (I — eccentricity of loading, 

then represents the percentage of increase in stress due to cc- 

h 

ccntricity. 

“Thus if a ocment briquette one inch thick be placed in the clips o.oi inch 
out of center, its strength will be reduced by 6%. This assumes perfect 
freedom of motion of the clips at the surface of contact, which they do not 

♦Journal Association *)f Engineering Societies, January, 1899, p. I. 

fSee p. 156. 

tMorc exactly, 14.2234. 

§More exactly 0.07031. 

II1903 Edition, p. 446. 
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have. Experiments made at the Massachusetts Institute of Technology 
have shown that a dis])laa‘ment of one~sixtcenth inch decreased the tensile 
strength by from \$\/,) to 20%.” 

Rate of Applying Strain. The selections of the standard rate of 60c 
lb, per minute hy the committee of the American Society of Civil lui- 



Fig. 22. — Shot Testing Machine. (See p. 95.) 


gineers (see p. 76) is based on an extensive scries of tests from which 
It was found that tlic breaking load increases with the speed up to a 
rate of at least 800 lb. per min., but that between die rates of 400 and 
,■600 lb. the variation is slight. Mr. K. S. Wheeler’s* experiments tend 
to confirm this conclusion. 

♦Report Chief of £nginct*r$, U. S. A., 1895, p. 29^16. 
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Types of Testing Machines, 'rhere are three most common types of 
tensile testing machines. 

(a) The shot machinfc, originally designed by Dr. Michuelis and shown 
in its American patterns in Figs. 22 and 25, applies the load by the dis- 
charging of a stream of shot whose dow is automatically shut off when the 



Fig. 23. Shot IVsting Mat hinr. {See /». 05.) 

break occurs. The breaking load is determined from the weight of the 
shot. 

(b) The simple or compound lever machines apply their load by a 
sliding weight operated by hand or by power. A compound lever power 
machine is illustrated in Fig. 24, pag^ 96. 
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(c) The spring); l)aliintc machine, which was orifjinally designed and 
used by Mr. Henry I'aija in England, transmits the strain from the crank 
to the briquette through a spring balance which records the load upon the 
dial. (See Fig. 25, p. 97.) 

Johnson’s Ring Testing Machine. A machine devised by Mr. A. N. 
Jolinson for testing the tensile strength of cement and mortars is based on 
an entirely dilYerent principle from the clip machines just described 



Fro. 24. — (\)niix)uml Txvrr Testing Marhine {Sec /». o^.) 


The cement or mortar instead of being formed into standard briquettes is 
molded in the shape of rings. Tlie apparatus is shown in Figs. 26 and 27, 
page 98. A cylinder A tilled with water or other liquid contains a piston oper- 
ated by a handwheel !•’. The pressure exerted by lowering the piston is 
transmitted by the liquid to the closed cylinder B, a section of which 
con.sists of rubber tubing which is expanded by the pressure from within 
until it bursts the ring of cement which encircles it. The pressure is alsr 
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transmitted to the gage whose reading for a certain diameter and thickness 
of ring of cement or mortar bears a definite ratio to the circumferential 
tensile stress upon the ring. Bra.ss molds of special design for forming 
the rings are constructed either single or in gangs of five, 

TENSILE TESTS OF NEAT CEMENT AND MORTAR 

Te.sts of tensile strength are made primarily to determine whether the 
ingredients of the cement and the process of its manufai ture are such that 
a continued and uniform hardening may be expected in the work, and 

whether its actual strength in mortar or 
conc rete is so high that it can be depended 
upon to withstand the strain ])laced upon it. 
Tensile tests must be combined with other 
tests, most particularly the test for sound- 
ness, to arrive at correct conclusions on 
these j)oints. 

The dales which have been universally 
selected for making tensile tests to deter- 
mine the (juality of the cement are 7 days 
and 28 days after molding. In each case 
the bri(|uettes remain for the first 24 
hours in moist air, and the balance of 
the time in water at the standard tem- 
perature of 21^ Cent. (70° Fahr.). For 
arriving at a (jiiicker knowledge of the 
equality, slandard s|»ecifications require 
one-day tests, the bricpiettc^s being broken 
after 24 hours in moist air. Longer 
periods than 28 days are useful for deter- 
mining the rate of permanent hardening, 

although the rate of growth is different in 
Fig. 25 . — Spring Balance Testini' . . 1 .mi 

Machine. (See p, 90.) neat cements, mortars and concretes. Ihe 

growth in tensile strength is not strictly 
comparable with its growth in compressive strength. 

A cement giving an extremely high test at a very short [xjriod may be 
regarded with suspicion, although if future tests .show a good increase, no 
fault can be found. Specifications occa.sionally limit the strength of the* 
one-day or the 7-days test. Others require a definite increa.se in strength 
between periods. The engineers of the New York Rapid Transit Com- 
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mission require, for example, “a specific ratio of increase,” 15% in tensile 
strength “ from 7 to 28 days, and furthermore that a cement showing as 
high as 750 lb. at the earlier stage should be generally refused as unlikely 
to give good results in long-time tests.”* Manufacturers consider this 
a very severe requirement for Portland cement tested neat. 

Specifications for tensile strength are given on pages 30 and 31. A 
comparison of these with the actual strengths of different cements as 
furnished by manufacturers will show that on the average the tensile 
strength of Portland cement as now manufactured is largely in excess of 
the specifications. In comparing these figures, however, it must be 
recognized that specifications are not for average strength, but are in- 
tended to cover the lowest limit which can be allowed on the work, and 
to provide for lack of uniformity in testing as well as in real quality. 


GROWTH IN STRENGTH OF PORTLAND AND NATURAL 
CEMENTS AND CEMENT MORTARS 

'Fhc curves in Fig. 28, for wliich we arc indebted to Mr. W. Purves 



Fig. 28.— Growth in Tensile Strength of Neat Portland Cement and Portland Cement 
Mortars with Different Proportions of Standard Sand, (See p, 99.) 

(Compiled for this treatise by W. Purves Taylor.) 


Taylor, illustrate the growth in strength of neat Portland cement and 
Portland cement mortars. The tests from which the curves are drawn 
were made under his direction at the Philadelphia Municipal Laboratories. 

^Report of New York Board of Rapid Transit Commissioners, 1900-01, p. 258. 
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The neat and i: 3 (z. one part cement to 3 parts sand by weight) cur\'es 
are averaged from over 100,000 briquettes, while the other curves are each 
based on tests of 300 to 500 briquettes. 

The cements included a number of brands, American brands largely 
predominating. I'he sand was crushed quartz, the former U. S. standard. 
The Philadelphia records include tests of much longer time than one year, 
and there is a nc^ticcable falling off in the observed tensile strength after 
the one-year period. This is most noticeable with neat cement of rotary 
kiln brands, but also occurs to a less degree with sand mortars. With 
cements from stationary kilns it is less marked. The falling off in tensile 
tests is generally attributed to the brittleness of the small sized speci- 
mens, which tends to irregularity of results with the ordinary testing 
machine, and to the unequal hardening of the surface and interior of the 
specimen, rather than to actual deterioration in the cement. 

'Fhe average growth in strength of neat Natural cement and Natural 
cement mortars is illustrated in Fig. 29 from data kindly prepared by 
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Fig. 29.— Growth in Tensile Strength of Neat Natural Cement and Natural Cement 
Mortars with Different Proportions of Standard Sand. {See p, loo.) 

(From data by Richard L. Humphrey and A. W. Munsell.) 


Mr. Richard L. Humphrey from Philadelphia tests, and by Mr. A. W. 
Munsell from tests made for the Baltimore & Ohio R. R. Cements from 
seven different sections of the United States are included in the averages 
from which the curves are drawn, representing the Akron, Cumberland, 
James River, Lehigh Valley, Louisville, Milwaukee, Rosendale and Utica 
districts. 
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SOUNDNESS OR OONSTANGT OF VOLUME 

The term “ soundness” is more commonly used in America and England 
than the expression ^‘constancy of volume” suggested by the Committee 
of the American Society of Civil Engineers, or “deformation” as employed 
in France. The purpose of the test is to determine in advance whether a 
cement is in danger of disintegrating, that is, crumbling, or of expanding 
or contracting so as to cause distortion or cracking in the masonry. 

If a cement satisfactorily passes the tests for soundness, it will in all 
probability withstand the effect of the elements without swelling or disin- 
tegration, and will continue to harden for an indefinite pericKl. Failure, 
on the other hand, to pass the tests for soundness, especially tlie hot test, 
is not positive proof of inferiority, for a cement which fails to ]\ass may 
possibly, througli subsequent exposure to the air before being used, or 
because of mixing with sand or other aggregate, jiroduce durable masonry. 
We may, however, with safety adopt the following conclusion: 

1} a Portland cement passes the hot test it may be used immediately 
with reasonable certainty of its ultimate soundness. If it fails to 
pass, it should be regarded with suspicion and thoroughly tested. 

Causes of Unsoundness. Disintegration, or crumbling, of work in 
Portland cement jiroiiorly mixed and laid, is usually due to an excess of 
lime in a form which (an be attacked by the elements. This may come 
about in two entirely distinct ways, cither (i) by the use of tc^o high a 
propc^rtion of lime in the raw materials from which the cement is made, 
(2) by under-burning the cement, or (3) by too coarse grinding. 

The jjresciu e of magnesia in excess in a thoroughly burned ( cment may 
yiroducc a gradual cx})ansion which will disintegrate the mortar or con- 
crete after several years. This action, brought to notice by tests of Mr. 
If. Le Chatelicr,* is generally recognized, but opinions dilTer as to the 
limit to the tierccntagc of magnesia which may occur in Portland 
cement without deleterious effect. J..e Chatelier\s experiments led him to 
consider 5% as injurious. The Association of German Cement Manu- 
facturers first placed the limit at 3 , and later raised it to 5%. Mr. 
Spencer B. Newberry states (page 56) that recent experiments made by 
himself and by Van Blaese show that cements containing 8% or 9% of 
magnesia will pass the boiling test, while those with 15% magnesia will 
expand. The limit of 4% recommended by the Committee of the Amer- 
ican Society for Testing Materials in 1904 (see p. 30) is undoubtedly 
conservative. Natural cement, which is burned at a lower temperature, 

^Commission des M«!thodes d'Essai dcs Materiaux de Construction, 1895, ^*^ 1 ' P* ^^ 9 ’ 



102 A TREATISE ON CONCRETE 

may contain a much larger quantity of free lime and of magnesia without 
injury. 

The' expansion caused by an excess of free lime is due to the hydration 
or slaking of the calcium oxide (CaO). This is readily understood from 
the expansion of common lime, which in slaking with water will produce 
a bulk of paste frc^m 2 to 3 times greater than the volume of the loose 
powder. The presence of lime in a free or loosely combined state must 
not be confounded with other compounds of calcium. A thoroughly 
slaked lime j)aste, or powder, that is, one which is completely hydrated, 
may in fact be added to a Portland cement mortar without injurious 
results, to lengthen its time of setting or to produce a more water-tight 
mixture. 

The small amount of free lime which frequently occurs and sometimes 
produces unsoundness in first-class Portland cement, tested when fresh, 
may be hydrated and rendered harmless by air-slaking after, say, two or 
three weeks’ storage, or after spreading the cement out in the air. 

Adulteration with slag may cause a cement containing an excess of 
free lime to pass the ))oiling te.st. 

Tests for Soundness. The presence of ingredients which will render a 
ctrment unsound, that is, which will cause it to expand or disintegrate, is 
determined by the eye, or by measuring appliances in specimens wliich 
have been exposed under conditions which as nearly as possible produce 
the same elTcct as the practical effects of time and the elements. 

There is at)parently no reliable method for determining the ])resence of 
free lime by chemical analysis. Mr. K. Candlot* says that “there is in fact 
no method for finding the percentage of free lime in the cement,” and 
Dr. Schuman* concurs in this view in the following statement* 

I do not know* a method for finding out the percentage of free lime in 
Portland cement. 1 do not think there exists such a methcKl, and I am 
myself of the opinion that chemists will never find out one; the solutions 
capable of taking away the free lime from the cement will always work in 
a more or less strong degree on the cement itself. 

This inability to detect free lime by chemical analysis necessitates a 
resort to physical tests. Specimens for testing .soun<lness are generally 
circular pats tapering toward the edges, so that the expansion of the mass 
will tend to enlarge the circumference and thus produce cracks at the edges. 

^Quoted by W. W. Maday in Transactions American Society of Civil Engineers, Vol XXVTI, 
. P-44*- 
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Egg-shaped specimens and also briquettes are sometimes used. Both 
of these show deterioration by the appearance of the surface. 

Appearance of Soundness Specimens. Cracks which appear on pats 
are not always caused by unsoundness. Expansion cracks, which reveal 
an unsound cement, are- distinguished from shrinkage cracks, which usually 
appear during setting instead of after the cement is set, in Figs. 30 to 37, 
Hair cracks alsc# sometimes appear upon specimens, and in practice upon 
neat cement or very rich mt)rtar, where so large an excess of water has 
becu employed in mixing that it docs not dry ofT until the cement has set, 
and causes the deposition of a very thin coating of partially decomposed 
cement which had remained in suspension in the water. An unsound 
cement in air or in water at the ordinary temperature will generally show 
defect within 28 days, although in very exceptional cases several months 
or even years have been known to elapse before signs of deterioration 
appear in specimens which have not been subjected to heat. 

Photographs of i)ats illustrating the ai)poarancc of defective specimens 
which have been subject to the boiling test are sliown in Figs. 38 and 39, 
pages 108 and 109. Figs. 30 to 37, j)ages T04 and 105, are sketches* 
employed in the Philadelphia Municipal La]K)nitories for distinguishing 
harmless appearances in neat pats from evidences of unsoundness. Mr. 
Taylor describes the pats as follows: 


P'ig. 30 represents a normal pat in goofl condition. 

Fig. 31 represents shrinkage cracks. These cracks arc orriinarily due to 
the use of a too wet mixture or to too quick a drying out. If the pats arc 
left exposed to dry air during setting these cracks are often developed. 
Shrinkage cracks ordinarily, therefore, indicate only a. lack of care in 
manipulation, and not dangerous y)ropcrties in the cement. 

Fig. 32 shows cracks caused by the expansion of the cement and the 
curling of the edges of the pat from the glass while the pat still adheres, 
which is often coincident with the expansion. In the air pats these cracks 
are developed in nine-tenths of the pats adhering to the glass, and unless 
very decidedly marked are not dangerous. They should not exist in the 
water pats. If they do exist, how^cver, to an appreciable extent, it denotes 
the presence of a too great proportion of expansives, which ordinarily is 
sufficient to condemn the sample. 

Eig. 33 shows blotching, a pat which is usually imlicative of either adul- 
teration or under-burning. This condition in itself should not necessarily 
mean rejection, but .should always induce an investigation of the cau.ses 
producing it, which* may or may not be sufficient to warrant rejection. 

Fig. 34 shows pats which have left the gla.ss (/I) by mere lack of ad- 
hesion, (B) by contraction, and (C) by expansion. {A) is never dangerous 

^Presented to the authors by Mr. W. Purves Taylor. 
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in either air or water. (B) and (C) are dangerous only when existing in 
a marked form. A curvature of about a quarter of an inch can be con- 
sidered about the limit of safety in a 3-inch pat. Case (C) rarely, if ever, 
occurs in water. 

Fig. 35 .shows a peculiar condition in which tlie pat is perfectly sound and 
hard, but the gla.ss on which it is made is badly cracked.* This has often 
been laid to chemical action, but this conclusion is doubtless erroneous. 
It is probalily due entirely to expansion of the pat, when the adhesive 
strength of the cement to the glass exceeds the strength of the glass itself. 
It is only found in the water pats, and is not usually indicative of dangerous 
qualities of the cement. 

Fig. 36 .shows the radial cracks of incipient disintegration. These are 
the danger marks to be looked for in the normal pat tests, and arc always 
sufiicicnt to warrant rejection. 

Fig. 37 shows cases of complete di.sintegration, which almost invariably 
begins merely by showing radial cracks, as in Fig. 36. 

Accelerated or Hot Tests. The object of all forms of Iku tests is to 
produce in a few hours the results which at a normal temperature require 
.several days or perha[)S months. Faigineers arc hy no means agreed as to 
the value of accelerated tests, the chief objection to their use being that 
some cements which fail in these tests |)rovc .satisfactory in construction. 

An argument for the hot lest lies in the fact that Portland cement 
manufacturers are coming to recognize it as the very best test for 
them to use in determining whether their own cement will fulfil the 
re([uirenients of permanent construction. In a recent letter to the authors 
the superintendent of one of the largest factories in the United States 
writes, ‘‘So far as we arc concerned, we consider the hot tc.sl of the greatest 
importance. If this shows uj) well, we feel (piite satisfied that all other 
te.sts will show up properly.^’ Tho.se desiring to inve.stigate the various 
opinions u])on the .subject arc referred to References, Uha pier XXXI. 

Mr. W. Purves Taylor, in a paper read before tlie Cement Sectii^n of the 
American Society for Testing Materials, at the Sixth Annual Meeting, 
1903, t gives the results of a large number of accelerated tests made 
at the Philadelphia Te.sting Laboratory by boiling balls or pats (after 
24 hours in moist air) for three or four hours, and the results of some 
of the conclusions there given are (quoted as follows: 

“The condition in a cement most affecting the result of an accelerated 
test is its age or the amount of sea.soning it has undergone. Every cement, 

^Similar causes may produce one or two cracks in the glas.s. 

^Proceedings American Society for Testing Materials, 1903, Vol. Ill, p. ^74, also printed i’* 
Engineering News, July 23, 1903, p. 81. 
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no matter how well proportioned and burned, will contain at least a small 
amount of free or loosely combined lime, which will usually cause un- 
soundness if used or tested at once. This lime, however, will hydrate in a 
very short time on exposure to air, thus rendering it inert and preventing 
any expansive action. It will, therefore, be found in a large majority of 
cases that if a cement failing in the accelerated tests be stored for two or 
three weeks, this unsoundness will disappear, and the cement pass the 
test with ease.” 

This is illustrated in the following table and in Fig. 38, i)agc 108, the 
flr^t three pliotographs also .showing various conditions which may be 
expected in specimens w^hich fail to pass accelerated tests. 


Effect of Age of Cement on Results of Boiling Test, 
By W. Purvks Taylor. {See p, 107.) 
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• ^‘Coarseness of grinding is also a frequent cause of unsoundness for the 
rca.son that the larger particles are not readily susceptible to hydration, and 
contain for a long j:>eriod of time expansive elements which very ra])idly 
develop a disintegrating action when treated in tlie accelerated tests.” 

“A large numl)cr of tests on difTerent cements were made and the time 
at which failure occurred was ob.served. In these tests it was found tliat 
of those samjdes w^hich did not ])ass the test, 22% failed in the first half 
hour, 57% failed in the first hour, 85^^ failed in two hours, in tlirce 
hours, and 99% in four hours,” “thus showing generally that a test piece of 
cement standing three or four hours of boiling will almost invariably stand 
a much greater length of time, and also that at least three or four hours 
should always be allowed for the lest.” 

“Pats of cement allowed more than about twelve hours to harden will, 
if un.sound, fail when tested by boiling at almost any time in the future.” 

“We now come to th^ very important question of the relation of the 
boiling tests to the other tests foi soundness and strength as made in the 
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laboratory. No one who has had much experience with the boiling test 
questions that, although it is by no means infallible, the results obtained 
from it are generally corroborated by either the tensile tests or the normal 
tests for soundness. I’he writer has recently compiled some data in re- 
gard to this point, covering over a thousand tests on many varieties of 
cement, with the following results: 

‘‘Of all samples failing to pass the boiling test, 34% of them developed 
checking or curvature in the normal pats -■ or a loss of strength in less than 
twenty-eight days. Of those samples that failed in the boiling test but re- 



'Thrci* A\V('ks Oltl. I'ivf WVi-ks OlH. 

Fio. 38.— Spccinu'iis showing the Effrcl of the Age of the C'ement upon its ^oundriesis. 

{Sec p. 107.) 


mained sound at twenty-eight days, 3% of the normal pals showed checking 
or abnormal curvature in two months, in three months, loVo in four 
months, 26^.’ J.- in six months, and 48^/^ one year; and of these same sam- 
ples, showed a falling olT in tensile strength in two montlis, 39% in 
three months, 52% in four months, 63% in six months, and 71%" in one 
year. Or, taking all these together, of all the samples that failed in the 
boiling test, 86^^ of them gave evicicnce in less than a year’s time of pos- 
sessing some injuri(Mis cpiality. 

“On the c:>thcr hand, of those cements passing the boiling test, but one- 
half of 1% gave signs of failure in the normal pat tests, and but 13% 
showed a falling off in strength in a year’s time. 
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“This certainly makes a very strong showing in favor of the boiling test, 
at least considered from a laboratory standpoint. 

“In order to show the great value sometimes obtained from the results 
of the boiling test, several examples are given in the table on page no of 
tests of cements occurring in the regular routine work of the laboratory.’^ 

The air and ‘water pats of sample 2 of this table are shown in Fig. 39 
at the age of four months. These pats were sound at twenty-eight days. 

In conclusion Mr. Taylor lays special emphasis upon the fact that many 
cements which do not pass tlie boiling test will give excellent results in 



Fig. 3y.'-rAamplrs of tJnsound Pals at \ monihs which WfMC sound at 2S days. 

{See p, loq.) 


practice. He gives as the probable reason for this that the test for sound- 
ness is generally made immc<liately upon the receipt of a shii)mcnt, while 
the cement used in construction has o])portunity to season, and Cfpon the 
fact “that the disintegrating action of a cement is always far greater when 
mixed neat than when mixe<l with an aggregate, and the greater the amount 
of the aggregate the less the tendency to unsoundness.” It is often good 
policy before rejecting a cement which fails to pass the hot test to hold it 
for a week or two so that it may further season and then retest it. 

Methods of Making Accelerated Tests. The methods of conducting 
accelerated tests are numerous, the object of all of them being to hasten 




Evidences oj Faliure in Cement Indicated by the Boiling Test, 
By W. Purves Taylor. [See p. 109.) 
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the hardening of the cement so as to produce in a few hours results which 
under ordinary conditions require, weeks or months. Boiling the speci- 
mens, instead of steaming them as recommended by the Committee of the 
American Society of Civil Engineers, while more common, is more severe. 
Other methods are employed in Europe. 

The Steam Test, recommended by the Committee of the American So- 
ciety ot Civil iMigineers, requires, as already described (p. 77), that the 
pat after twenty-four hours in moist air shall be placed in an atmosphere 
of steam above boiling water. 

The Boiling Test A\as originated by Prof. Tctmajcr in Germany. After 
twenty-four hours in moist air, or until it is thoroughly set, the specimen 
is placed in cold water, which is raised to and then maintained at the 
boiling j)oint for several hours. 'Fhree or four hours is the time specified 
by Mr. W. Purves 'Payh^r, and often used in the United States, although 
some cement factories boil for twenty-four hours. Dr. Michaelis ad- 
vocates si\' liours’ IjoIIing, and this period is specified by the French 
Commissit)!!. 

Combined Boiling and Tensile Test. A regular test at many Portland 
cement factories consists in testing the tensile strength of briquettes which 
have been subjected to the hot test. A briquette of neat cement after 
twenty- four hours under a danip cloth is placed in an atmosphere of 
steam over boiling water for an hour or two, and then immersed in water 
at about the boiling point and boiled for about twenty-four hours, when 
it must sliow a certain tensile strength. 

'Jlic Hot Water 7>.s7, as adopted by Mr. Henry Faija in England, and 
advocated there by Mr. David B. Butler, tonsisls in subjecting a newly 
mixed ])at to a moist heat of 100® to 105® Fahr. (38° to 40® Cent.) for six 
or seven hours, or until thoroughly set, and then placing it inw'arm water 
at a temperature of 115® to 120° Fahr. (46° to 49® Cent.) for the re- 
mainder of the twenty- four hours. ^Ir. Deval in France employed a 
temperature of 176° Fahr. (80° Cent.) for a period of six days. 

Other Accelerated 7 'csts which have been employed in Europe are oven 
tests, where the specimen is healed in an oven; glow tests, where a ball is 
heated over a gas flame, and Prussing disc tests, w'here discs are formed 
under heavy pressure and then exposed to hot water. 

Measurement of Expansion. Appliances have been devised for testing 
the soundness of cement by measuring the amount of expansion or def- 
ormation which it undergoes in different periods of time. The principal 
of these are the long bar apparatus, devised by Messrs. Durand-Claye and 



11^ A TREATISE ON CONCRETE 

Debray, which was recommended by the French Commission, Bauschin* 
ger’s caliper apparatus, and Le ChatcUer’s tongs.* 

The Chimney Expansion Tesl^ in which a small quantity of neat cement 
is solidly pressed into a jilraiglit lamp chimney with the idea that an un- 
sound cement will break the glass, u worthless, as all first-class cements 
expand to a greater or less <legrce. 

♦Drscriln'd in Sptilding’s Hydraulic Cfiiif'nt, 1903, p. 166. 
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CHAPTER VIII 

SPECIAL TESTS OF CEMENT AND MORTAR 

The most important tests for comparing the qualities of different cements 
and for determining their practical value have been described in the pre- 
cecbng chapter. Certain other tests are often made to investigate special 
qualities of a cement or mortar, or for scientific research. 

Such special tests may be enumerated as follows: 

Color. 

Weight. 

Microscopical. 

Compressive. 

Transverse. 

Adhesive. 

Shearing. 

Abrasive. 

Porosity. 

Permeability. 

Yield of mortar. 

Rise in temperature. 

COLOR 

The color of a cement bears but slight relation to its (juality, but a vari- 
ation of color in the same brand is sometimes an indication of inferiority. 
Natural cements made in different localities may often be distinguished 
from each other and from Portland cements by their color. 

Portland Cement. The chemical composition of Portland cements 
made by different processes is .so uniform that the ('olor of different brands 
varies less than that of Natural cements. 

The color of Portland cement is described as a cold blue gray. In 
England the term “foxy” is applied to a Portland cement of a brownish 
color. According to Mr. David B. Butler* this denotes “insuffu ient cal- 
cination or the use of unsuitable clay or possibly excess of clay.” He 
, further states that if a Portland cement contains a large quantity of under- 
burned particles, on account of their lower specific gravity they tend to 
rise to the surface on troweling, thus forming a yellowish brown film which 
is noticeable in the section of the briquette after fracture. 

♦Butler’s Portland Cement, 1899, p. 255. 
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The dark color of the coarser particles of a Porlkind cement left as residue 
on a screen is due simply to the fact that cement clinker is black, and pieces 
which are not finely "round retain the color of the clinker. 

Natural Cement. The color of Natural cement varies with the character 
of the rock and consc<iuently with the locality in which it is produced. It 
ranges from the light ecru of the Utica (III.) cement to the dark grayish 
brown of the Rosendale (N. Y,). Samples received by the authors from 
various manufactories show the James River cement to be a light yellowish 
brown, the Akron (N. Y.) cement, 6tu, the Milwaukee (Wis.) cement, drab, 
and the Uouisville (Ky.) cement, a brownish gray. Certain other brands 
arc similar in color to Portland. 

Puzzolan Cement. Pu/zolan cement made from slag is of a light lilac 
shade, much lighter than Portland. After being ke|)t under water it 
assumes, when freshly fractured, a Iduish green lint. This green tint, 
which according to Candlot* is due to sulphide of rah'ium present in the 
cement, is especially noticeable in a sample ke})t in sea water, and fades 
on exj)osure to dry air. 

WEIGHT OF CEMENT 

Weight is no indication of (jualily. Formerly, nearly all specifii ations 
required that a cement should reach a certain standard of weight ])er 
struck bushel or per cubic foot, on the princii)Je that, other things being 
e(pial, a thoroughly liurned cement is heavier than one which is under- 
burned. Hut when, on the other hand, the degree of rincn(‘ss was found 
to alTect the weight much more than any dilTerence in calcination, the 
worthlessness of this rc(|uireinenl bet anie apj)arent, and the lest for sj)e- 
cific gravity was sul)stituted. 

The following table by Eliot C, Cdarkef iiluslrales the difference in 
weiglit between cements of the same manufacture which (ontain different 
percentages of coarse i)arlicles. 

Weights of Cements Containing Varying Pcrchttages of Coarse Particles. (6Ve p 114.) 

By Kuot C. Clarkk. 
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*Candlot*s Ciments ct Chaiix Hydrauliques, 1898, p. 159. 
tTransactions American Society of Civil Engineers, Vol. XIV, p. 144. 
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Mr. Henry Faija’s experiments* arranged in the following table prove 
that the weight of a cement decreases with age. His explanation for this 
is that the lower specific gravity of the moisture and carbonic acid absorbed 
from the air tends to increase the bulk of the cement without correspond- 
ingly increasing its weight. 

Decrease oj Weight of Cement icith Age. (See p. 115.) 

By H. Faija. 
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Method of Weighing Cement. The apparatus finally recommended 
by the French Commission, after a series of tests by Mr. P. Alexandre, f 
was a circular funnel with screen, as shown in Fig. 40. 'Fhe cement 
placed upon the screen is stirred with a wjooden spatula 4 cm. (ij in.) 
wide, and 25 cm. (10 in.) long, and falls through the screen into the 
cylindrical measure of one liter capacity (61 cii. in.). 



Fig. 40. Funnel Used in Weighing Cement. 
(See p. 115.) 


MICROSCOPICAL EXAMI- 
NATION OF PORTLAND 

CEMENT CLINKER 

The structure of Port- 
land Cement clinker can 
])e clearly discerned with 
the aid of ihc microscope 
and jjolarizcd light by 
preparing thin sections of 
it in the .same way as those 
of rocks made by petrog- 
raphers. 

Le Chatelier, a French 
engineer, and Tbrnebohn, 


*Butler'8 Portland Cement, 1899, p. 240. 

fCommission des Methodes d'Essai des Ma^riaux de Construction, 1895, IV, p. 21. 
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a Swedish petrographer, some years ago identified two essential 
mineral entities, and three others oi less importance, as constituents 
of Portland cement clinker. Tomebohn denominated the two essen- 
tial constituents alite and celitc. 

Mr. Clifford Richardson has within the last few years taken the sub- 
ject up very elaborately in this ccnmtry, and his results go to show that 
optical methods of examining clinker will eventually prove of great in- 
terest, not only in determining the character of clinker, but also in 
pointing out means of improving the methods of production. 

COMPRESSIVE TESTS OF CEMENT 

Compressum testing machines arc coming into general use in America. 
For merely determining the (jiiality of a cement, tensile tests are more con- 
venient because they can be made nn>re (piickly and require less powerful 
machines, but for comparing different sand aggregates and for its adapt- 
ability to te.sting concrete by com])ression or by transverse, f.e.,bcam, 
tests, the compression uuu'hine pos'^esses great advantage. The 
French C-ommission recommend compression tests in addition to 
tension, and many engineers in the IbiiUxl States advise them in well 
etpiippcd laboratories.* 

Types of Compression Testing Machines. Mac bines especially adapted 
for eom[)ressive tests are built with capacities ranging from 30000 to 
400000 lb., or even larger. The Fmcry Machine at the Watertown 
Arsenal, U. S. Army, is of 800 000 lb. rapacity while the machine designed 
in 1908 for the slnietural materials laboratory of the U. S. Geological Sur- 
vey at St. Louis has a capacity of to 000 000 lb. A machine with a 
rapacity of nut li'ss than 40 000 lb. is required for 2-inch cubes of neat 
cement or mortar, while for 6-ineh cubes of mortar or concrete a machine 
should run to at least 150 000 lb. 

A testing machine for general laboratory work driven by power is illus- 
trated in Fig. 41 , in which the i)rcssure is continuously applied by means of 
a screw ])um]>. It may be t)pcrated either by hand or by power and is 
built for maximum capacities of 200 000 lb. and upwards. 

An American machine of about 40 000 lb. capacity of the same type as the 
German Amsler-LatTon comprc.ssion testing machine is illustrated in Fig. 
43, )>age 1 [ 8 . The hydraulic ]>ower is aj^jdied by turning the hand wheel 
and tlic load is read directly from the pressure gage. 


* ProceeJiugs .\mrrican Society of Civil Engineers, April, p. 125^. 
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Form of Oompression Specimens. Kxtended tests were made for the 
French Commission by Mr. I*. Simeon,* in wliich he employed specimens 
•f various shapes and size.s, and compared the results with those obtained 



Kio. 41. — CoinprcBsiou Testin'; Machine. (.Sec i it> ) 


from cru.shmg the halves of briquettes which had been broken in tension. 
Quoting from a di.scussion of Mr. Thomi)sont ujion tlic Report of the 
Cement Committee of the American Society of Civil Engineers: 

♦CommisMon des Mithodcs d’Eisai dcs .Materiaui de Construction, Vol. IV, 1895, p. 1*7. 
fSinford E. Thompson in Proceedings American Society of Civil Engineers, August, 1903, p. 646. 
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The Commission reached the conclusion that the briquettes which had 
been broken in halves by tension should be used for the compressive tests. 
The two halves of each briquette arc crushed separately and the sum 01 the 
two results divided by the total area of the briquette, thus obtaining the com- 
pressive strength per unit of surface. The surface area of the United 
Stales standarfl briquette recommended by our Committee is almost 
exactly 4 .sq. in. Instead of the lialves of a ])riquette, a single cylinder 
liaving the ‘-.une thickness and the same area of surface as a whole 
briquette ma\' be used with substantially equivalent results. 

Specimens whicli are rough or uneven may be smoothed by gentle 
rubbing on a .stationary grindstone. 

In breaking, the ])rcs.sure should increase uniformly, and at such speed 
that it will rc(]uirc between one and two minutes to cru.sh each .specimen. 

For comjxiring the strength of cement paste or mortar, with that of 
other materials which (annot readily be molded in cement molds, the 
rommi.ssion recommends cubes having an area of 50 s(|. cm. (7.75 .sq. in.) 
on each face. For a United States .standard, cubes 2 in. on an edge, that 
is, with all faces having an area of 4 sq. in., conform to most common 
usage, and are therehwe be.si for this class of comparative tests. 

A mold for cubes is shown in Fig. 43. 



Fkv. 43. -CVaiig M(il<l for (.'ompression ('ul)cs. (See />. iiq.) 

Relation of Compressive to Tensile Strength. Mr. R. Feret* con- 
cludes, after an extended iSeries of tests, that there is no constant relation 
between re.sLstances to compression and ten.sion. He also concludes that 
the rate of increase in strength varies with the different cements, so that 
“two different mortars having the j*ame resistance to eompres.sion do not 
ncce.ssarily break under the same ten.sion.” He claims that compression 
tests gi\o better results than tension and furnish “the real measure” of the 
cohesicni of mortars. These opinions arc generally corroborated by cement 
experts. 

The ratio of compression to tension also varies with the character of the 
sand or other aggregate. With a larger proportion of cement the com- 
piessive strength increases fa.ster than the tensile .strength, thus giving a 
higher ratio. 'Fhis law continues to hold with concrete of clifTcrent pro- 
portions, that containing the largest proportion of cement showing the 
highest compressive strength in comparison to its tensile strength. 

♦ Bulletin de la Soci^t^ d'Encouragement pour rindu&trie Nationale, 1897, Scries 5, Vol. II. 
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A comparison of the cf)mpressivo and tensile strength of 1:3 mortars 
based upon tests at the U . S. Government Structural Materials Labora- 
tory at St. Louis, in iqoS, gives a formula 

('omj)ressive strength 

-- 6.6 f- 2.3 log. id, 

Tensile strength 

where 

A age of the cement mortar in months. 

By this formula it will be seen that the ratio vari"-<s from 6.8 on a one- 
month test up to 10.3 on a t 2-months test. The formula is in the same 
form, l>ut the ratios are somewhat greater than those obtained by Prof. 
J. B. Johason * from Prof. Tetmajer’s tests at Zurich. 

TRANSVERSE TESTS OF CEMENT 

Transverse, or flexion, tests of beams or prisms while very convenient 
for concrete are now seldom used for testing tlu* cpiality of cement, 
although Gillmore and other of the older experimenters largely emjdoyed 
this form of test. 'IVansverse tests arc of value in tomparing the relation 
between fiber stress and tension, and with jiroper care may give as uniform 
results as tension tests. As is stated below, the liber stress bears a definite 
relation to the tensile strength, lint since there is no fixed relation between 
tension and com])ression, there can be nt) fixed relation between transverse 
strength and compressive strength. Compression testing maihines (see 
Figs. 41 and 42, pages 1 1 7 and 1 itS) may be adapted for transverse tests by 
a suitable arrangement of su])ports and knife edges. 

Size of Specimen. Mr. Durand-Clayet made for the French Com- 
mission an extended series of tests by tlexion or bending. .\s a result of 
his report, the (Commission adopted for this form of test square prisms 
T2 cm. (4.72 in.) long by 2 cm. (0.79 in.) on a side. 

In breaking, a prism is placed on its side — that is, on a face which has 
been in contact with the mold — upon two knife edges, 10 cm. (3.94 in.) 
apart, and the load is a])plied at the center through a slightly rounded 
knife-edge. The load should be applied con^nuously at the rate of i kgr. 
(2.2 lb.) per second. I'hc same number of specimens should, be broker 
as in tensile tests, and the results averaged. 

♦Johnson's Materials of Construction, 1903, p. 419. 

.jjCominission des M^thodes d'Essai des Materiaux de Construction, 1895, Vol. IV, p. an. 
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English measure will iialurally change the dimensions of the specimen 
to I by I by 6 in., to be broken upon knife-e<iges 5 in. apart.* 


A prism 2 by 2 by 8 in. was employed by General Gillmore in 
experiments described in his famous ** Treatise on Limes, Hydraulic Ce- 
ments and ^lortars/' and has been adopted by other 



American engineers, but with apparatus of suflicieiU 
delicacy there is no reason why the specimens need be 
larger in section than tensile specimens, and the dimen- 
sions of I b}' 1 by 6 inches suggested above are recom- 
mended for t (imparativc tests of neat cements and mortars. 
A form of mold is shown in Fig. 44. 

Relation of Tensile t(v Fiber Stress. In the experi* 


Fig. 44. — MoM 
for Prism. 
(Ser p. 13 1.) 


ments inentione<l above Mr. Durand-Clayc eom]xired all 
of his tests for ilexion witli tensile tests of briciiiettes 
made and tested at the same time. As a result, he ob- 


tained as tlie ratio between the ultimate tl])er stress in ilexion and the ten- 


sile strength, i.()2 at ) days and 1.86 at 28 days; or in round numbers, 
i,() for botlc 'Tbal is, tensile fiber stress is 1.0 times the simjilc tensile 
stress of the same material. In this (onneclion he calls attention to the 


fact that a briipietlc tested in tension gives a result less than the real resist- 
ance, while a prism tested in tlexion gives a greater result. He judges that 
the real resistance may Ijc apj>roxi mated by taking the mean of the two 
result.s. 


Mr. Durand Claye also found the mean error by the two methods of 
te.sting to be mtv similar, with ten.-ile briijuetles the variation being about 
2.02 %as compared with 2.52^/^ variation in the tlexion tests. Jn tests with 
mortar there was less variation with jiri^ms than with briiiiieltcs. 

Prof. Fdgar b. Kay states that in naenl experiments he has obtained 
more uniform results with tranverse than with tensile tests. 

Comparative te.sls of .Mr. R. Feret in tension, flexion, and compression 
are shown in the table on page 136. 


ADHESION TESTS OF CEMENT 

Mr. E. Candlot j‘ ma<le a*large num])er of tests of adhesion for the Frencii 
Commission, and vie.signed a mold adopted as the Frcntli Standard. 
Witli reference to such tests he sa\ s that since the adhesion of mortar to a 
stone depends upon the state of the surface and the nature of the cement, 

♦Sanford £. Thompson in Proceedings Amerir-n Society Civil Engineers, August, 1903, p. 646. 
tCommission dcs M^thoKlcs d'Essai des Mat^K..ux de Construction, *895, Vol. IV, p. 281. 
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absolute tests are of little value, but comparative tests, if made under 
identical conditions, are of real interest to the builder. 

Thus, to cite several examples, the tests of adhesion prove that a mortar 
regaged after having set possesses a strength of adhesion much smaller than 
tlie same mortar gaged and put in place before its set, the resistance to 
tension and compression of these two mortars remaining, however, almost 
the same; that mortars gaged dry have a more feeble adhesion than mor- 
tars gaged slightly licjuid; that mortars gaged with an excess of water have 
in tension a resistance less than their adhesive strength, etc. 

Method of Making Adhesion Tests. In the same report Mr. Candlot 
describes the forms of specimens suggestefl by Dr. Michaelis and others, 
and then j)resents a form which he considers to best meet the requirements. 
On account of the dilTerence in section of the French standard briquette, 
the mold he describes is not suitable for making specimens to fit the clips 



on American testing machines. To adapt his mold to American stand- 
ards, the authors have designed the mold shown in Fig. 45. The method 
of making tests is described by Mr. Thompson* as follows: 

Adhesion is considered by Mr. Candlot in two ways: First, with refer- 
ence to the relative adhesive qualities of different cements; and, second, 
with reference to the adhesion of the same cement mortar to other materials 
of different natures. The same general method is advocated in both cases. 

briquettes are formed, as described below, of a shape which can be broken 
in an ordinary tensile testing machine. The European tensile briquette is 
of small section, 5 sq. cm. (0.775 sq, in.), and of an inconvenient shape for 
molding in halves. The area of the breaking section is therefore doubled 
by the Commission, while the curves where the clips take hold remain the 
same, so that the distance between the two points of each clip is unchanged. 
The shape of the United States standard briquette is such that fewer changes 
have to be made in its outline, and the regular section of i sq. in. need not 
be altered. 

*Ptooeedmg» American Society of Civil Engineers, August, 1903, p. 647. 
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The Commission found that adhesion briquettes could not be molded 
satisfactorily in the manner used for tension briquettes. They atlvised 
finally a mold in which a half briquette could be made, and then 'when this 
had set, the same mold could be used for completing the other half. In 
Fig. 45 is shown the style of mold selected, but with the dimefisions 
changed to adapt the l)riquette to the United States standard form of clip. 
It consists of a bottomless box, which divides vertically in llie center on the 
line BE, so that the half briquette can be removed readily. The bottom is 
formed of a movable bronze j)late, shown at ^1. 

I- or the first class of tests, to determine the relative adhesion of different 
cements, a normal adhesion block is formed of a mortar composed, by 
weight, of I part of highest quality Portland cement, which has passed a 
No. 75 sieve, and 2 parts of fine sand, gaged c)% of water. As soon as 
it is rammed into the mold, the mold is removed, and after remaining 
in moist air for 24 hours the lialf briquette is placed in water until it is re- 
quired. It must vset for at least 28 days. When rc(|uired for use, the block 
is dried and the surface polished with emery pai)cr. The block is 
then placed on a table with the large end down, the half n\old, with the 
disc A removed, set on top of it and filled with plastic' mortar consisting of 
the cement which it is desired to test mixed with sand in the required pro- 
portions, thus completing the briquette. This briquette is treated and 
t’jsted as an ordinary tension specimen. 

For the .second class of tests, if the material can be molded, it is formed 
as a half briquette, and the .specimen completed with the mortar to be tested. 
If solid, a plate of the material, .several millimeters thick, having one smooth 
face, is prepared, and placed at the bottom of the mold, on top of the 
bronze plate, and the first half of the specimen is formed by filling the mold 
with neat cement. After setting, the half of the briquette is completed with 
the mortar which it is desired to test. 


Adhesive Strength of Mortar. The following table from tests of Mr. 
Candlot, presented to the French Commission,* shows the results of ad- 
hesive tests upon Portland cement mortars cemented to the normal adhe- 
sion block by the method de.scribed in the preceding paragraphs. It is 
noticeable that, in the same column, the values, each of which represents a 
single specimen, arc fairly regular, but that there is a very great variation 
in the adhesive strength of mortars made b om different cements, and no 
uniform relation between the strength of mortars of different proportions. 

Adhesion of Mortar to Various Materials. The results of tests made 
by Professor Tetmajcr in Germany, quoted by Mr. E. Candlot, arc 1 )riefly 
as follows: 1:2 Portland cement mortars cemented to sandstone gave an 
adhesive strength after 28 days of from 5.5 to 8.8 kg. per sq. cm. (78 to 125 
lb. per sq. in.). To rough glass the adhesion was about 3.5 kg. per Sfp cm 

^Commission des M^thodes d'Essai des Materiaux de Construction, 1895, Vol. IV, p. 285. 



124 


A TREATISE ON CONCRETE 


(so lb. per sq, in.). 'Pests made at Boulogne-sur-Mer using blocks oi 
marble showed, after 28 days, variations of 3.1 to 8.3 kg. per sq, cm. (44 
to 1 18 lb. per sq. in.). Regaged mortar showed about half the strength 
in adj^esion of fresh mortar. 

Adhesive Strenf^th nj Portland Cement Mortars in Pounds per Square Inch,* 

Hy E. Candlot. 


(Vinent 


A 



Propcjrlions of 
mortar. 

I - 3 

1-.3 

1 ; 2 

1: 2 
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43 

60 

65 
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38 

50 

60 
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38 

36 

57 

71 

28 
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33 

41 
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60 

78 

92 

142 

78 

OS 
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05 

8t 

114 
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78 
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71 
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114 
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Oo 

85 

81 
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67 
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77 

1 1 1 

76 

1 

96 

125 

86 


Mr. 10. S. Wheelerf has made several scries of tests, inserting thin discs 
of different materials in the center of briquettes. Although the irregularity 
in the re.sults cast considerable doubt upon his method of testing, the ex- 
y)eriments tended to .show that the adhesive strength to sawai lime.stone of 
JV)rtIand cement mortar in proportions i: o to 1:2 is about one-third the 
cohesive strength of the mortar alone. Mr. Wheeler concluded that groov- 
ing the surface of the stone has no appreciable effect on the adhesive 
strength. For the maximum adlie.sivc .strength more water is required thartj 
for the maximum cohesive strength even if the surface of the stone be satu-j 
rated. 'Fhe substitution of a small portion of lime for a part of the cement* 
apparently increases the adhesive strength. 

♦MoWed upon normal adhesion blocks, sec pp. 122 and 113. 
f Report Chief of Engineers, U. S. A., 1895, p. 3019 and 189^, pp. 2799 and 2834. 
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Mr. R. Feret* states that adhesion to stone, inaccascs the stone be- 
inpre_ porous. He found, as did Mr. Wheeler, that irregularities of 
surface of the stone do not seem to affect the adliesive strength. With 
iron, however, roughening the surface increases the adhesion of the mortar. 
A dirty surface or insufficient moistening of the surface lowers the ad- 
hesion. 

The metliod adopted by various experimenters of crossing two bricks 
and cementing them together, then determining the loads reejuired to sepa- 
rate them, is obviously inaccurate because of the difficulty of distributing 
the pull uniformly over the entire surface. . 

The adhesion of mortar to iron or steel is of such practical importance in 
the use of iron or steel for reinforcement, and the setting of bolts in mortar 
and concrete, that the subject is discussed in connection with reinforced 
concrete in Chapter XXI. 

SHEARINa TESTS OF CEMENT AND MORTAR 

Mr. R. Feret made a series of shearing test.s upon different mortars 
which arc quoted in column (20) of ib.e table on page 
136. lie employed for the shearing test the halves 
of small |)risms which had been l^roken to determine 
the transverse strength, placing the specimens and 
loading them as is shown in Fig. 46. 


ABRASION 

Abrasion or wearing tests have been made by 
pre.ssing the s})ccimen against a grindstone, an emery 
wheel, or a cast-iron disc, llie last requiring sand in 
definite proportions to be poured u])on it to increase the friction. 

Tests by Mr. Eliot C. Clarkef tend to indicate that for Portland cement 
mortar the Ijest proportions to re.si.st abrasive forces are 1 : 2 and for Natural 
cement mortiibr i: i, the resistance of Portland cement mortar mixed with 
two parts of sand being nearly double that of both the richer i : i mixture 
and the leaner i : 2^ mixture. 

POROSITY TESTS 

The determination of the porosity of a specimen is often necessary in 
scientific research and for comparing the relative absorptive properties of 

’KTommunication au Congres dc Budapest, 1901. 

fTransactions American Society of Civil Engineers, Vol. XJV, p. 167. 





Fig. 46.-~Shcaring 
Test. {See p. 125.) 
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building materials. Porosity is a passive quality referring to the actual 
voids, T.C., air and uncombined water in a substance as distinguished from 
permeability or percolation, the quality of a substance which permits the 
flow of a liquid or gas through it. 

Method of Testing Porosity. Messrs. P. Alexandre, P. Debray, and 
H. Ix Chatelicr* rccommenclcd a method for making the test for porosity 
which, with the units converted into English measure, is summarized by 
Mr. Thompsonf in his Discussion on the Report of the Committee of the 
American Society of Civil Engineers on Uniform Tests of Cement.” This 
method is suitable for testing the porosity of concrete as well as of mortar. 

The porosity ()f a mortar is exfiressed as the ratio or percentage of voids 
to the total volume. In measuring the voids all water in the mortar is 
included excejjt that of crystallization. 

If 

V — total ap])arcnt volume of mortar; 

V == volume of solid portion of mortar; 

v' ~ volume of voids in mortar; 

then 

Porosity — ^ ^ 

V V 

The size of specimen recommended is that having a volume of ])etvveen 
0.3 and 0.5 liter (18 to 30 cu. in.). 

The solid volume, v, is found by the application of the i)rincii>lc of 
Archimedes, that the difference between the wx'ight of a ])ody in air and 
its w'eight when suspended in a liquid is equal to the weight of the liquid 
displaced. From the weight of the dist)laced liciuid, its volume, which is 
mani(cstly the volume, Vj of the mortar, can be readily calculated. 

In English measure, if 

P — weight of si)ccimen after drying; 

p = weight susi^cnded in water after saturation; 

W — weight of T cu, ft. of water; 

V -- volume of solid portion of mortar; 

then 

r (in cubic feet) - f • 
ll 

In order that the s])ecimcn may be thoroughly impregnated with w’ater 
and all air driven from the ])ores when determining its weight in water, 
the specimen is first exposed for J hour in rarefied air at a pressure not 
greater than 25 mm. of mercury. Water is made to cover it, and then the 
atmospheric pressure is restored. It must now remain in the water 24 
hours before being weighed. If apparatus for rarefying the air is not at 

♦Commission des M<?thodes d'Essai des Mat^riaux dc Construction, 1895, Vol. IV, p. 247. 

■{■Proceedings American Society of Civil Engineers, Aug. IQ03, p. 648. 
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hand, and if the specimen will stand exposure to heat, an alternate method 
may be used. The specimen, after 48 hours in water, is placed in cold 
water, raised to boiling, and boiled for 2 hours, then allowed to cool for 
24 hours. The weight, P, used in this determination, is taken after ex- 
posing it to a heat of between 40® and 60® Cent. (104° and 140° Fahr.), until 
there is no loss in weight, care being taken to prevent any access of car- 
bonic acid gas from the heating apparatus. 

The apparent volume, F, of the specimen, can be found by direct, 
measurement, or by calculation from its loss of weight in water, using again / 
the principle of Archimedes. To prevent saturation in the later proceed- 
ing, it can be covered with a thin coating of grease spread with the fingers. 
'I'he weight in water must be taken before that in air. 

The standard test of porosity is made with i : 3 mortars of normal 
plastic consistency, 28 days old. Other proportions and ages suggested 
are i; 2, and 1 ; 5, at 7 days, 28 days, 6 months and i year. 

The Porosity of Different Mortars. Porosity includes the voids or 
pores occupied by both air and water, the relative volumes of the two 
classes of voids varying with the freshness of the mortar. 

In dilTercnt fresh mortars there is much less variation in the volume of 
air voids than is generally supposed. If we leave out of consideration 
mortars that are mixed to such a dry consistency that voids are ai)f)arent 
to the eye, we notice from column 10 of the table on page 136 that in mor- 
tars proportioned richer than 1: 5 the air voids rarely exceed 12%^ and for 
most mixtures are in the neighborhood of 4% to ?P/c , that is, 4% to 8% l)y 
volume of air is entrained when gaging. Although experiments of Messrs. 
Candlot* and Alexandre show similar results, the authors, by mixing the 
materials with gloves, as recommended by the American Society t)f Civil 
Engineers, and using more water than rcquircfl for standard consistency, 
— about, in fact, the consistency used by stone masons, — have obtained 
mortars in proportions of cement to cither standard sand or bank sand of 
1:0, I : I and i : 2 with no appret iable entrained air, and leaner mixtures 
with 1% to 2% air. A few experiments carefully made tend to show that 
in larger batches thoroughly mi.xed to soft consistency these low percent- 
ages may be obtained. Such mortars require no ramming, in fact the 
volume cannot be reduced after it is carefully introduced into the measure, 
except that if a very w’ct mixture is used it wdll expel a portion of its surplus 
water when setting so that the volume set is less than the volume green. 
One would naturally expect a greater variation with different materials 
and different proportions of water, but as a matter of fact, in a fresh mor- 

*Candlot gives a range of from 2 or 3% for mortars of coarse sand, up to 10% with fine sand. 
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tar slightly softer than standard consistency, the spaces between the par- 
ticles of sand and cement arc not occupied by air hut by water. 

As the mortar dries after selling, the variation between different mortars 
is more apprecia])lc, since the acklitional amount of water which is re- 
quired with mortars of fine sand partially evai)oralcs and leaves air voids. 
It is evident from experiments by Mr. Alexandre that the percentage of air 
voids due to evai)orati(>n of water ranges from 7^^ with a very coarse sand 
to 18% with a very fine sand. Assuming a small allowance for entrained 
air in the fresh mortar, due to inipi^rfect mixing, we may estimate a range 
of from 7% to total air voids in mortar after setting and drying. An 
average mortar of Portland cement and fairly coarst? bank sand, in pro- 
portions i: 2 by weight or [: 24 by volume, from experiments of the authors, 
may be expectc<l to contain about of air voids after setting and 

hardening, and to have a total ])orosity of abo\it 25^; , . I1ie porosity of 
well proportionetl concrete is much lower (see ]>. 339). 'Fhe porosity is 
but slightly atTected by the [)ercentage of water used in gaging, because 
an excess of waUT rises to the surface. (See p. :^3S.) 

PERMEABILITY OR PERCOLATION TESTS 

The permeability of mortar and concrete is discussed and the laws which 
govern it formulated in Cha])ter XI page 33S IVrrneala'lity is distin- 
guished from porosity on page 126. 

Method of Testing Permeability. W'hen ])rei)aring its final report, the 
French Commission* first expcrimenteil with ( vlindrical blocks having in 
the I'cnter a truncated well into width a vertical tube 
was introduced for a sluwl distance to convoy the 
water under pre^sure. 'Fhey finally recommended 
instead of this form a ciilie of cement or mortar with 
a pipe cemenU'd to its upper surface. Quoting again 
from Mr. Thompson's Discussionf on Uniform Tests 
of Cement: 

The permeability of neat cement ami mortars is 
expressed by the number of liters of water passed in 
one hour through a cubical block, 30 sq. cm. (7.75 sq. 
in.) on a fate, the si/.aused for compressive tests. The 
block is placed on its side, tliat is, with a face which 
has been against the molt! uppermost ; this surface is 
carefully cleaned anti a gla.ss lube 3.5 cm. (1.38 in.) in diameter, and ii 

♦Comniission des M»*thodes d'E^sai Jes Mat^riaux de Constructicui, 1894, Vol. I, p. 3 13. 

fProceedings American Society of Civil Engineers, August, 1903, p. 649. 
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cm. (4.33 in.) high is sealed vertically to it by means of neat cement, as 
shown in Fig. 47. Fo^ varying the pressure, a rubber pipe is attached to 
this tube, and its upper end' connected with a reservoir. The height of 
pressure, according to the permeability of the mortar, may be 10 cm. (4 in.), 
I m. (3 ft. 3 in.) or 10 m. (33 ft,). 

Before taking the test, the block is immersed in water for 48 hours, and 
remains in water during the test. The periods recommended are: 24 
hours, 7 days, 28 days, 3 months, etc. The stan^jxrd test is made at 28 
days. Tests are made on three blocks, and an average taken of the two 
which most nearly agree. 

I^ogically, we should suggest for the block to be used for testing per- 
meability in this country, the size mentioned for compression, that is, a 
2-inch cube. Further investigation is considered necessary, however, 
before adopting either the size or shape as a standard. 

Since the publication of the above discussion, the authors have performed 
a series of tests on the relative permeability of concretes, as described on 
page 348, obtaining satisfactory relative results by cementing a short 
length of pipe to the surface of a solid block of concrete in a manner simi- 
lar to that adopted by the French Commission. 

YIELD TESTS OF PASTE AND MORTAR 

The French Commission* recommend the testing of cement paste and 
mortar to determine the volume occupied. The yield or rendement is 
the volume of mortar obtained by gaging to any given consistency a unit 
of weight of cement or of a mixture of cement and sand in the selected 
proportions. One kikigram of cement, or of the required mixture of 
cement and sand, gaged to the given consistency, is introduced into a 
graduated cylindrical glass test tube about 6 cm. (2.37 in.) in diameter, 
with care to avoid imprisonment of air, and its volume is noted. 

Another method, which they consider more accurate, is to allow the 
paste or mortar to harden and then determine the difference in weight in 
air and in water. 

Mr. R. Feret in his report to the French Commission*!* on the production 
and density of mortars considers that .sands should be submitted to a 
thorough test. He advises determining their granulometric composition, 
as described on page 142, the proportion of gravel (that is, of particles 
remaining on a sieve with holes of 50 mm. (0.19 in.) diameter, the min- 
.-‘ralogical nature, and the form of the grains. Disregarding the yield test 
lie would study the absolute volumes of the cement, thousand, the water, 

^Commission des M^thodes d'Essai des Mat^aux de Construction, 1894, Vol. I, p. 

tCommission des^^thodes d'Essai des Mat^riaux de Construction, 1895, Vol. IV, p. 243. 
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and the voids in a unit volume of fresh mortar, and would estimate the 
cost per cubic meter of mortar made with different sands, and its strength 
under various conditions, as is discussed at length in the following chapter. 

TEST OF RISE IN TEMPERATURE WHILE SETTING 

The determination of the rise in temperature which takes place in a 
cement while setting has often been suggested as an indication of its quality, 
but the increase in temperature is due to so many causes that it is of 
slight value as a lest of the cement. 

Mr. Le Commandant Ribaucour* found that the temperature com- 
menced to rise at the commencement of the setting, and the rise was 
generally higher with quick- setting cements. 

Mr. J. E. Howard at the Watertown Arsenalf discovered that the 



Fig. 48.-— Rise in Temperature in 12-inch Cubes of Cement and Mortar. 

(Tests of Metals, U. S. A., iqoi.) {See p, 130.) 

temperature was largely dependent upon the size of the specimen, small 
cubes showing very slight increase. He therefore made a series of tests 
upon 12-inch cubes to determine the temperature acquired by different 
brands of cement and mortars during setting, and plotted his volumes in 
a series of curves. The curves for a first-class brand of American Port- 

•K^ommi^sion dcs Mdthodes d'Essai des Mat^riaux de Constnicdon, 1895, Vol. IV, p. ^33. 
treats of Metals, U. S A., 1901, p. 493. 
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land cement with and without sand, and for a typical Natural (Rosen- 
dale) cement, are shown in Fig. 48. 

Mr. Howard found that while first-class American brands of neat 
Portland cement often reached a maximum temperature 6f 100° Cent. 
(212° Fahr.); the maximum temi^^rature of the various brands of Ameri- 
can Natural cement was generally from 35° to 40° Cent. (95® to 104® 
Fahr.), and was reached at a shorter time than the Portland cements. 
The rise in temperature of the German brands of Portland cements was 
in general less than that of the American Portlands. 

The rise in temperature in Portland cement concrete is less than in 
neat Portland cement, but in the interior of a large mass like a dam 
may reach nearly 100® Fahrenheit. 

TESTS OF SAND FOR MORTAR 

Tests of sand for mortar and concrete are as important as tests of cement 
Methods of making tests are given on page 159. 
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CHAPTER IX 

STRENGTH AND COMPOSITION OF 
CEMENT MORTARS 

The following are the important conclusions in this chapter: 

(1) The strengtli of a mortar depends t>rimarily upon (a) percentage of 
cement in a unit volume, and (h) density. (Sec p. 133.) 

(2) The strongest mortar for any given proportions, by weight, of cement 
to dry sand, is detained from sand which with the given cement produces 
the smallest volume of plastic mortar. (See p. 148.) 

(3) The best sand is in general that which will produce the smallest 
volume of mortar of standard consistency when mixed with the given ce- 
ment in the required proportions. (See pp. 133 and 149.) 

(4) The density of a mortar is determined by calculating the absolute 
volumes of its ingredients. (Sec p. 138.) 

(5) The (lualitics of dilTercnt sands may be studied by screening each 
into three sizes and comparing their granulometric compositions with 
Feret’s curves. (See p. 142.) 

(6) Sharpness of the sand grains is of slight imj^ortance. (See p. 154a.) 

(7) Coarse sand produces strong^jr mortar than fine sand. (Seep. 146.) 

(8) Fine sand recpiires more water than coarse sand to produce a 
mortar of like consistency, and consequently its mortar is less dense. (See 
P- I45-) 

(9) Mixed sand, i. c., sand containing fine and coarse grains, in mortars 
leaner than 1:2, usually produces stronger and more imper\dous mortars 
than coarse sand. (See p. 146,) 

(10) Screenings from liroken stone usually produce stronger mortars than 
sand because 'of their greater density. The relative value of screenings 
and .sand may often be determined by comparing their densities or the 
den.sities of mortar made from them. (See pp. 150 and 153.) 

(it) Mixtures of fine and coarse sand or of sand and screenings often 
produce better mortar than either material alone. (Sec p. 149.) 

(12) The variation of the sand in different portions of the same bank 
may be utilized by requiring the contractor to mix two sizes without exact 
measurement, so that the material as delivered shall contain not less than 
a definite ixjrcentage of sand coarse enough to be retained on a certain 
sieve. (See p. 149.) * 
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(13) Mineral impurities in sand, such as clay, in small quantities, may 
strengthen a lean mortar, and weaken a rich mortar. (See p. 1 54b,) 

(13a) Organic impurities in sand, such as vegetable loam, even in minute 
quantities may destroy the strength of the mortar ur concrete. (See p.i54b.) 

(14) Gaging with sea water does not aifect the ultimate strength of mor- 
tars. (See p. 159b.) 

(15) The unit fiber stress in a cement or mortar beam is about the same for 
aprism4cm. (i.6in.)onedgeasforonc2cm. (0.8 in.) on edge. (See p. 134.) 

(16) The unit fiber str(iss in bending is about 1.89 times the unit 
tensile strength of briquettes of 5 sq. cm. (See p. 134.) 

(17) The unit tensile strength of specimens decreases as the breaking 
area is enlarged. (See p. 134.) 

(18) The unit compressive strength of similar specimens of cement or 
mortar is not greatly affected by their size. (See p. 134.) 

Laws of Strength. There are two fundamental laws of strength which 
apply to mortars composed of the same cement with different proportions 
and sizes of sand. 

(1) With the same aggregate,* the strongest and most impermeable mor- 
^ar is that containing the largest percentage of cement in a given volume 
of the mortar. 

(2) With the same percentage of cement in a given volume of mortar, 
the strongest, and usually the most impermeable, mortar is that which has 
the greatest density ,t that is, which in a unit volume has the largest per- 
centage of solid materials. 

The first of these rules is understood by ordinary users of cement, but 
the second rule states a fact which is appreciated only by experts. 

The value of a first-class cement is universally recognized, the effects of 
impurities have been studied in various ways, and the variations in strength 
of mortars made from different sands or broken stone screenings have been 
recorded, but the fundamental law of the relation of the density of a mor- 
tar to its strength, — a function nearly as important as the quality of the 
cement itself and explaining many of the seemingly paradoxical results of 
tests with different aggregates and different ])roportions of water, — is but 
vaguely comprehended by the majority of experimenters and most of the 
users of cement. 

The importance of this subject claims for it a full investigation, and its 
study is taken up on page 134. The application of these laws to concrete 
is discus.sed in Chapter XX. 

♦The word hggregaU is defined on page i. 

fThe meaning of density may be understood by referring to the figures on pp. t/Z and 
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STRENGTH OF SIMILAR MORTARS SUBJECTED TO 
DIFFERENT TESTS* 

Mr. Ren^ Ferct, Chief of the Laboratory of Bridges and Roads at 
Boulognc-sur-Mor, 1 ‘ ranee, has made very extended tests of strength of 
mortars, studying his results scientifically, ancl in many cases formulating 
laws and formulas apjdicablc to different conditions. The tests of one 
scries in i)articular arc of so wide a range in character and in proportions 
used that the authors have converted the values into English units, and 
reproduce the table in full on pages 1.36 and 137. 

After plotting the strengths in various ways, Mr. Fcret reaches conclu- 
sions wliich may be summed up as follows: 

(a) I'hc unit fiber stress for prisms 4 centimeters (1.6 in.) on an edge 
is about the same as for prisms 2 centimeters (0.8 in.) on edge. 

(b) The tensile strength per s(juare centimeter of j^risms having a break- 
ing area of i6 square centimeters (the strength of which he found to be 
similar to that of briquettes of the same section) is about two-thirds the 
strength per square centimeter of the normal bri(|uettes which have an area 
of 5 s(]uare centimeters. This difference is attributed partly to the lack of 
homogeneity of the s]>ecimens, especially on their surfaces, but prin- 
cipally to the unecpial distribution of the stress on the area of the section. 

(<:) Resistance to flexion, that is, the unit fiber stress in bending, is 
about i.8g times the tensile strength ])er unit of area of briquettes of 5 
square centimeters. 

{(1) Idle form and dimensions of the specimen do not greatly influence 
the strengtli ])er unit of area in com[)ression when the height and width of 
the block arc a|)i)roximalely equal. 

(c) Resistances to flexion and tension are ]m^portional to each other, 
and resistances to compression, shearing, and j)unching arc proportional to 
one another, but there is no constant relation l^etwcen the resistance to 
compression and the resistance to tension or flexion. 

THE RELATION OF DENSITY TO STRENGTH 

In tile same paper from which we have quoted, Mr. T'eret treats of the 
density and elementary volumetric composition of mortars, using in his 
studies the results given in the table just described. He calls particular 
attention to the fact that the properties of liydraulic mortar, such as dura- 
bility, permeability, iiorosity, and ability to resist the decomposing action 
of sea water, depend not only u])on the quality of the cement, but ‘‘in a 
measure greater than is generally believed, upon the granular physical 

♦ A valual)Ic series of tests has also been made bv Messrs. Humphrey and Jordan at the U. S. 
CSovernincnt Testing Laboratory at St. Louis, sec Bulletin No. 331 U. S. Geological Survey, 1908. 
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composition of the mortars, that is to say, upon the dimensions and rel- 
ative positions of the different elements entering into their composition. 

The density (compacitc) of a mortar is represented by the total volume 
of the solid particles, — exclusive of the water and the voids, — entering 
into a unit volume of mortar.* 

The ‘^elementary volumes^’ in a unit volume of fresh mortar consist of 
the absolute volumes of the cement, sand, water, and voids, each ex- 
pressed ill the form of a decimal. To illustrate, the “elementary vol- 
umetric composition” of the mortar in Item 8 of the table on page 136, 
which is mixed in proportions by weight of one part cement to i ? parts 
of natural sand, is: 


C^'ment 

(c) -=0.226 

Sand 

(5) '-0.409 

Water 

(mO-- 0.234 

Air void.s 

(v)"-- 0.04 1 

Total volume “ - i .000 


Expressing this in more familiar terms, 22.6^/,' of the unit volume of the 
given mortar consists of solid particles of (ement, 49.c/^( of particles of 
sand, 23.4^0 water, and the remaining 4 .d,(. of air voids. 

'rhe porosity, rejiresented by the sum of the water and air \ oids, is 27.5^%.. 
The term voids is often employeil to represent the i)orosity, that is, the sum 
of the air and water. 

It is obvious that 

— i; 

also that 

77 == I (c 4- 4. 

which is equivalent to the statement that the entrained air in any volume 
of fresh mortar is equal to the nicasurcrl volume of the mortar minus the 
spac e occupied by the cement, sand, and water. 

The density of the mortar considered above is c -}- s, or, 0.226 -f 0.499 - 
0.725 as given in column (ii) of the table on pages 136 and 137. 

A thorough understanding of the use of these symbols is essential to the 
study of strength of concrete and mortar, for, as will be shown further 
on, practical tests of strength arc of small value unless the density and 
exact mechanical composition of the specimens are clearly defined. 

*If the word density is applied to sand alone, it means the proportion of the measured 
volume of the sand, which is occupied by the solid sand grains; a sand, for example, having 
under certain conditions 40% voids, would have a density of 1.00—0.40=0.60. 



Strength and Composition of Portland Cement Mortars, 

By R. Feret. {Sec p. 134 .) 

(Bulletin de la Sod^te d*Encourageinent pour ^Industrie Nationale, 1807 . Vol. II, p. I 593 -) 
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In practice density of volumetric tests are of great value for comparing 
the relative values of different aggregates, and for determining the pro- 
portions for the most economical concrete. They are also useful for study- 
ing the effect of varying quantities of water. As is shown in the following 
j)ages, the density of mortars or concretes made from similar materials 
bears a definite relation to the strength, so that it is frequently possible to 
determine the best mixture as soon as the density tests are completed, 
instead of waiting for the tests of tensile or compressive, strength. The 
test has been used by the authors in a practical way for comparing sands 
and for grading sands in special work, and also for cc^ncrete to fix on the 
best pr()[)ortions when using merely one fine and one coarse aggregate, 
and in other cases to determine the proper proportions for a scientifically 
graded mix.* 

Density of Mortars and Concrete. The density of fresh mortars of 
ordinary proportions, as shown by tests of the authors, averages about 0.70 
(corresponding to 30% air plus water voids). Mortars of fine sands may 
run as low as 0.60 (40% air plus water voids), while by special grading or 
the use of an cxcejitionally good coarse sand the density may be as high 
as 0.75 (25% voids). The density of neat cement usually ranges between 
0.50 and 0.55. The density of concrete rangesf from 0.76 to 0.88, depend- 
ing upon the grading of the aggregates and the cement. 

I'he values ap[ily to the materials freshly mixed before .setting. Hie 
chemical combination of the cement and water reduces the jiorosity further. 

Density or Volumetric Tests of Mortar.| To obtain accurate results, 
considerable care is necessary in making the experiments. An approxi- 
mate method suited to rough comparisons will be given first and this will 
be followed by more accurate methods advised for laboratory work. 

The rough volumetric test may be made in almost any vessel or 
mold so long as the capacity is readily computed and its dimensions 
such that the depth of mortar or concrete can be measured exactly. 
A deep mold is more accurate than a shallow one. The volume 

♦ See Chapter XT, p. 

f From the ‘<Laws of Proportioning Concrete,’' bj Wm. B. Fuller and Sanford £. Thompson, 
Transactions Amencan Society Civil Engineers, Vol. LIX, 1907. p. 67. 

jThe French Commission determine the ‘‘yield” of a mortar (see p. 129) by measuring its 
volume green, that i^, just after introduction.into the molds, when an excess of water may affect 
the volume, and thus give misleading results with very wet mixtures. ’ 

In his Report to the French Commission, 1895, Vol. IV, p. 243, Mr. Feret also measures the 
mortar, wet, but he employs a vessel of known capacity, — a cylindrical measure whose height 
and interior diameter are each about 8 centimeters, — and uses only a portion of the mortar wliich 
he mixes, calculating his percentages by ratio of th^ weight of mortar made to the weight of mortar 
mtRxlucrd into the measure to fill it exactly. This method eliminates inaccuracies in measur' 
fng the level of the surface. 
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of mortar and concrete of dry , consistency will measure the same after 
setting as when green, but wet mixtures must be measured before setting, 
and again after they have become sufficiently hard to expel the surplus 
water. The measurement before setting is necessary in order to calcu- 
late the volume of air bubbles entrained in the wet mortar or concrete. 
The volume after setting, or partially setting, however, is the only one^of 
real importar.ce for studying the characteristics of strength, permeability, 
and cost. The sand is dried, or its moisture is determined by weighing 
and drying a sample of it. If stone of a porous nature is used the pores 
of its particles should be filled with water, hut there should be no i>er- 
ceptible moisture on their surfaces. The quantities of dry materials for 
a single tube or mold are weighed in the reciuired proportions, mixed 
with a known weight of water, and placed compactly in the mold, whose 
lateral dimensions have been exactly measured so that the volume of 
mortar in it may be obtained by measuring down from the lop. The 
exact space occupied by the particles of each of the solid materials and 
by the water is calculated, if the metric system is employed, by dividing 
their total weight by the specific gravity of each, or, if English units are 
used, by dividing the weight times 1728 (the number of cubic'inchcs in a 
cubic JFoot) by the s[icciric gravity multiplied by the weight of a cubic foot 
of water. After jiartially setting, the exact depth of the mortar in the 
mold is measured and its volume calculated, 'fhe percentage of each of 
the dry materials, which really determines the density, — which is repre- 
sented by the sum of the absolute volumes of the dry material, — is found 
by dividing the absolute volume of each material by the total volume of 
the set mortar or concrete. 

The specific gravity of cement which has been stored for a short time 
may be taken at 3.10 and the specific gravity of dry sand at 2.65. 

The following example from the authors’ note book illustrates the method 
of finding the density when the measurements are in English weights 
and measures: 

Example : — Find density of a mortar composed of Newburyport sand 
and Portland cement in proportions t : 2 by weight. 

Solution : — For the mold used, it was estimated that 8 Ib. cement 
and 16 lb. dry sand would be required. Gaging these with 3 lb., 12.6 oz. 
(3.79 lb.) of water, the quantity necessary for the desired consistency, 
the Volume of. the mortar was found by measurement to be 348 cu. in. 
when green, and 336 cu. in. after setting and pouring off th(^ surplus 
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water. The absolute volumes are expressed below, first in cubic inches and 
finally in terms of the density (c -f s), of the set mortar. 


S X 1728 

Cement ' — 

3.1 X62.3 

71 .6cu. in. 

16 X 1728 

' 

Sami r ~ 

2.65 X 62.3 

167.4CU. in. 

V 79 X 1728 

Water - , 

6Z.3 

105. 1 cu.m. 

Absolute volume cement, sand aivi wat'-r, 

344 Cli. 111 . 

Measured volume green mortar, 

348 cu. in. 

Volume of entrained air, 

4 cu. in. 

Percentage of entrained air. 


7l.h 167.-1 

Density of set mortar, r + .1 . -f , 

0.213 1 0.498 


Volumetric Tests of Mortar at Jerome Park Reservoir. The methods 
used by Messrs, Fuller and 'J'hompson at Jerome J'ark Reservoir in tests 
for the New York Acpieduet Commission in i()o6* have since bemi adojHed, 
with slight variations, in the authors’ laboratory. The iiroccdure is indi- 
cated in the blank form used in the tests, a co])y of which filled out is here 
reproduced on page 139. While somewhat lengthy in appearance, it is 
arranged to correct almost automatically for the unavoidable losses due to 
free water and mortar sticking to the tools. I’he chief object of the test is 
to find the density of a fresh mortar, that is, the ratio of solid material 
in it to the total volume, and also to determine the elementary volumes of 
each ingredient. In the lest illustrated, for example, the density is 0.696 
and the air plus water voids are therefore 30.4^,’ 

The apparatus u.sed for density tests of mortar arc a shallow pan about 
9 inches diameter, a small pointing trowel, scales to weigh to one-tenth 
gram, measuring glass or graduate about inches diameter and 250 cubic 
centimeters capacity, one or two beakers, and a stic k for tamping the mortar 
in the glass. 300 or 400 grams of mixed cement and aggregate may be 
used in the tests. 

It has been found that the materia* which sticks to the tools is either 
cement or similarly fine aggregate, so that the weight of the aggregate which 
passes a No. 100 sieve should be recorded for use in the computations. 

* See paper by Messrs. Fullrr and Thompson, Transactions Amen can Society Civil Engine'*rs, Vol. 
LIX, p. 67. 
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Volumetric test for Reservoir File IF. R, 

Cement B Aggregates Clean Sand Date 4-20 06. 

Computed by Brown Checked by T. 


Experiment No 152 ; 

Nominal proportions by volume i 1^2 j 

Proportions by weight ' t : r.rS ( 

Description of aggregate Santi 

Wt. of cement ; 150.0 

Total weight of aggregate ' 267.0 

Wt. of the aggregate passing a No. 100 

sieve 5 .C 4 

Wt. of vessel and water (before using) ... 2S7 . 7 
“ « “ " (afterusing) ....; 22S.7 

" " water used (S) — (g) ; 5';-o 

Percentage of water ' 14.2 

^ . ( 5 ) + (^0 ! 

Consistency ’ Soft 

Temperature water 5 ° 1 ^- 

Total weight mixed ^ (5) + (6) -t (i o) . . 476.0 
Weight tray and tools (after using) ...... 325 . 8 

“ “ “ “ (before using) . . .' 322.2 

Weight mix adhering -= (15)- (16) . . 3.6 

Weight measuring glass or gniduate. . • - 205 . 4 

Weight glass -}- mix 767.6 

Weight gla.ss f- mi.x — freewater 767.0 i 

I free water (10 — 20 ... 0.0 

I “ mix set ‘ (r.l) — (1 7) - ( » r) . -172.4 [ 

“ - (jo) - (18) 172. 5 

Discrepancy - (23) — (22) .... . r j 

' Time mixing completed 10. r5a.m. 

I Volume of mix, in eu, em 210.0 j 

I * 'Pi me sel t li ng ' 2 h rs. , 

Final volume (jf mix in cu. em 209.5 ' 

W.atorloaontray -.(io)X(.j I ^ | 

(l-r) 1 j 

(Vinentleftont.ray = (5)X(jj (.5 ' | 

-\ggrcgiitc.U-ft(>iitray-( 7 )X(^) 10) °-7 | 

Wl. water in set mortar — (10) — (21) ] 

— (29) , 5^-2 

Wt. cement in set mortar — (5) — (30) 147-9 
Wt. aggregate in set mortar ^ (6) - 

, (3O ' 269.3 

Specific gravity cement. ' 3.11 | 

" “ aggregate , 2.71 

Absolute volume water — ‘ *278 | 

(28) , ' 

■“ “ 1 

« « i. ^^ 4 > ^ ' ..Art ! 


aggregate «= 


(28) X (36) ! 

Total absolute volume (37) + (38)-}-; 

(39) 

Den.sity = (38) 4- (39) 

Remarks: Fine Material on Surface . . . 


Note: Weights are in grams; 'volumes in cubic centimeters. 
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The materials are carefully weighed, and enough water added, — ^the quan- 
tity varying with the fineness of the sand, — ^to prcxluce a mortar softer than 
standard consistency which will scarcely hold its shape in the mixing. pan. 
An ejtamination of the various items in the table will show the purpose of 
each, the object being to correct for all losses and obtain a resulting volume 
corresponding to that of the mortar after setting. The figures following 
many of the items refer to the numbers of the other items, the fraction 
following item (29), for example, representing the water of the mix which 
adheres to the tray and tools. The weight of the water in this mortar which 
adheres is found from the proportion, — Mix adhering: total line mortar — 
water in mix adhering : total water. Expressed in item numbers this 
becomes ^ 

Item (29) = --- X Item (lo). The cement and 

Items (s) + (7) + (10) 

aggregate left on tray, items (30) and (31), are similarly computed, and 
from these the weight of each of the materials in the set mortar is found. 
The absolute volumes, items (37)10(39), are then readily computed and the 
density determined. 

Volumetric Tests of Concrete. For volumetric or density tests of con- 
crete, molds at least 8 inches in diameter are nccessaiy, but the proc'ess 
throughout is similar to that already descrilicd for the volumetric tests of 
mortar and a similar blank form may be readily made fdr records. 

The density tests as made at Jerome Park Reservoir are fully described 
in the paper by Messrs. Fuller and Thompson already referred toj* and 
results of the tests are there given. 

Foret’s Formula for Strength. For studying the relation of absolute 
volumes to strength, let 

P = compressive strength of the mortar. 

it - a constant which dilTers for different cements and at different ages of 

I 

the same mortar. 

c = absolute volume of cement. . 
s ~ absolute volume of sand. 

absolute volume of water voids. 

== absolute volume of air voids. 

The value of determining the density of mortars is made evident by the 
following law of Mr. Feret:* 

“For any series of plastic mortars made with the same binding material 

>lfBuncfin dc la Sodt'tt? d’Encouragement pour nndustrie Narionale, 1897, Vol, TI, p. i6o*. 
JSee also Chapter XI of this Treatise. 
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and inert saiids, the resistance to compression after the same length of set, 

under identical conditions, is solely a function of the ratio — - — 01 
c . w ^ V ‘ 

i * whatever be the nature and size of the sand and the , pro- 

portions of the elements, — cement,, inert sand and water, ^ — of which each 
is composed.** 

It follows from this law, as Mr. Feret says, that the strength of any 



Fig, 49. — Derivation of Feret’s Formula for Strength. (See /». 14a ) 
(Bulletin de la Soci^t€ d’ Encouragement jjirnr rindiistric Nutionale — 1897-) 


mortar increases with the absolute volume of the 4:ement (c) in a unit 
volume of fresh mortar, and also with the density (c -f .v), whatever may 
be the relative volumes filled with water and air. 
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From very numerous experiments such as those tabulated on page 136 
Mr. Feret evolves the approximate formula 

By suitably clianging the value of K the formula may be adapted to either 
the Knglisli or the metric system of measurement. 

As a proof of this formula Mr. Feret plots on a diagram, shown in Fig. 

49, values of ^ ^ from column (li) in the table on pages 136 and 137 

for abscissas, and the average compressive strengths of the various mortars, 
from column (22), for ordinates. Since, in formula (i), K is equal to P 
divided by the square of the quantity in brackets, the value of K is the 
tangent of the straight line passing through the points. In Fig. 49 

K =» 1965, if the strength is in kg. per sq. cm. 
or 

K ^ 28 000, if the strength is in lb. i)er sq. in. 

This particular value is applicable only to the cement used by Mr. 
Feret in his experiments and to specimens at the age of five montlis, l)iil 
the principles invohed are of general application. 

The most practical application of this formula is in the determination 
of the relative com[)ressive strengths of various mortars made from the 
same cement, with sand in didering proportions and of different com- 
positions. Mr. Feret calls attention also to its iiossible use in laboratory 
ex] 3 criments and .siiecifications. A cement, for example, may be reciuired 
to furnish, when mixed with any sand, a definite value of Kj since the 
value of K is indcjiendcnt of the choice of the sand and of the composition 
of the mortar. 

Experiments by the authors tend to .show that the formula docs not 
’ apply strictly tt) specimens of different consistency, but that the general 
law of the increase of strength with the density is applicable except in ex- 
treme cases. The formula is inapplicable to tensile tests, although here, 
too, the general j)rinciple apj)cnrs to hold good. 

This subject as related to concrete is discussed on pages 355 to 362 

GRANULOMETRIC COMPOSITION OF SAND 
Feret’s Three-Screen Method of Analyzing Sand. 

The determination of the physical characteristics of the sand, which, 
mixed with a cement, will produce the densest mortar, has been the object 
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of a large number of experiments by Mr. Feret, which are recorded in 
Annales des Fonts et Chaussees, 1892. In America Messrs. William B. 
Fuller and Sanford E. Thompson have extended the researches, .^by a different 
method, to the investigation of the properties of concrete. The mechanic al 
analysis of sand and stone is discussed in Chapter XI, and the results of 
earlier experiments are tabulated on page 376. 

Mr. Feret, in studying any sand, separates it by screening into three sizes, 
fie then recombines these three sizes in varying proportions, so as to obtain 
results which are applicable to any natural or artificially mixed sand. He 
distinguishes sand from gravel as consisting of grains which will pass 
through a screen having circular holes of 5 millimeters diameter (0.20 
in.). The three sizes of sand he then calls Cl, M, and F, representing, 
resj^ectively, the large {^ros), medium {moyens)^ and fine (jins) particles as 
defined by sifting through metallic sieves with circular holes, or wire cloth 
of definite mesh, as follows: 

Large grains, G, passing circular holes 5 nim. (0.20 in.) diameter. 
Retained by circular holes 2 mm. (0.070 in.) 

Medium grains, M, passing circular holes 2 mm. (0.070 in.) ** 

Retained by cin'ular hole.s 0.5 mm. (0.020 in.) “ 

Fine grains, F, passing circular holes 0.5 min. (0.020 in.) “ 

These sizes, Mr. Feret states, are nearly eipiivalcnt to sand screened 

through sieves of wire cloth as follows: 

Large grains, O, passing screen of 4 meshes per sq. cm. ( 5 meshes per linear inch.) 

Retained on ** 36 “ (15 “ “ “ ) 

Medium grains, M, passing 36 “ ** (15 “ “ “ ) 

Retained on a “ 324 “ ** (46 ** “ “ ) 

Fine grains, F, passing 324 (46 * ** “ ) 

Sometimes, for experimental purposes, he divides each of the sands, G, M, 
and F, into three intermediate sizes. 

The granulometric composition of any sand is represented by its relative 
proportions, expressed either in weights or ab.solute volumes, of G, M, and 
F. For example, a sand containing by weight 50% of the largest grains, 
30% of the medium, and 20% of the fine grains, has a granulometric 
composition of g = 0.50, m == 0.30, f -= 0.20. 

The granulometric composition of a sand which has been mechanically 
analyzed, and plotted on a diagram similar to that shown on page 194, may 
be ascertained readily by drawing three ordinates corresponding respec- 
tively to screens of 5, 15, and 46 meshes per linear inch, and determining 
by the length or the difference in length of these ordinates the proportions 
which pass and which are retained by the screens of these three meshes. 
These three proportions or percentages represent the granulometric com- 
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position. An illustration of this method of transforming mechanical analy* 
sis to granulometric composition is shown in Fig. 57 on page 151. 

Feret’s Triangles. To simplify the tabulation of results, and arrange 
them so that they may be understood at a glance, Mr. Feret has used a 
graphical arrangement which is exceedingly ingenious. In nearly all 
his writings we find little triangles with the apexes labeled G, M, and F. 
Curves or contours in 4 hcse triangles, representing the^ various properties 
of the sands or mortars, are based on a system of three instead of two 


M 



Fig. <>0. — Ft*rrl’s Threc-Screcn NTetliod of Analyzing Sand. {See p, 144.) 


co-ordinates, that is, each curve is the loci of points measured from 3 axes 
placed at angles of 60® with each other. A full discussion of the theory of 
this is given in his paper ‘‘Sur la Compacit^ dcsMorlicrs Hydrauliques** 
in Annales dcs Fonts et Chaussees, 1892, II, but the principles may be un- 
derstood by reference to Fig. 50, The apexes of the triangle are labeled 
G, M, and F, corresponding to the threesizesof sand described on page 143- 
The granulometric composition of any sand is plotted as a single point in 
tUs triangle. The proportion of each of the three sizes in the sand is rep- 
•llSented by its perpehdicular distance from the side opposite each apex. 
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For example, exactly at the apex G, the granulometric composition is 
g =* 1.00, m == o, f = o. A sand represented by the point “-4 ** in the 
triangle has for its granulometric composition, g == 0.48, m => 0.35, £ ~ 
0.17. Sand, J 5 , whose point is on the line G M is a mixture of G and M 
with no fine particles. It can be readily proved by g<fometry that if the 
altitude of Ihe triangle is i.oo, the sum of the three perpendicular distances 
from any given point in the triangle to the three sides equals i.oo. Also, 
that any combination of G, M, and F is contained in the triangle or else on 
one of its sides. To use Mr. Feret’s language, ‘‘any sand will be repre- 
sented by a point in the triangle and by one alone, and, reciprocally, one 
granulometric composition of sand, and only one, will correspond to a given 
point on the interior or sides of the triangle.’' If the altitude of the triangle 
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P'lG. 51.— Absolute Volumes of Sand per Fig. 52.- Absolute Volumes of Sand per 
Unit Volume of Sand not Shaken. Unit Volume of Sand Shaken to Re- 
(See p. 147.) fusjil. {See p. 147.) 

is considered i.oo, any point, 4 , in the triangle is readily plotted by locating 
it at perpendicular distances from each of the three sides corresponding to 
each component of its granulometric composition. For example, suppose 
that the granulometric composition of a sand, 4, is g = 0.48, m = 0.35, 
f =* 0.17. As the apex G represents a sand containing only coarse grains, 
and the line opposite to it, M F, all sands containing no coarse ^ains, the 
locus of a sand containing coarse grains (g ^ 0.48) will lie somewhere upon 
a line parallel to M F and at a distance 0.48 from M F. !ly similar reasoii'- 
ing it will also lie on a line parallel to G F and at a distance 0.35 from it. 
The intersection of these two lines is the locus of the sand 4 , and it will 
be seen that this intersection is at a perpendicular distance of 0.17 from the 
line M G (the side opposite F), which checks the plotting, since f = 0.17. 
For comparing a special property of different sands, or of mortars com- 
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posed of different sands, each sand employed in the tests is plotted and 
labeled with its value, — which may be in units of strength, weight, or 
volume, — and “contour lines’’ are sketched in by the eye, as one would 
draw contours from elevations on a topographical drawing. 

Any point on the same contour line represents a sand made up of the 




Fio. 53. — Absolute Volunu's of Solid Ma- 
terials (c f-s) per Unit Volume of 
Fresh Mortar in Proportions 1:3 (by 
Weight). (.SVe />. 147.) 



rin. 54.-' Compressive Strength in Pounds 
per Square Inch of 1:3 (by Weight) 
Mortars with Different Mixtures of 
Sand, after 0 Months in Air and 3 
Months in Sea Water. {See p. 148.) 



Fig. 5 5. —Compressive Strength in Pounds 
per Square Inch of Mortars with 
Various Mixtures of Sand, after One 
'N’ear in Fresh Water. Proportions 
100 lb. Portland Cement to 3.2 cu. ft. 
Mixed Sand. {See p. 148.) 


Fig. 56.-"(\)mpressive Stnuigth in Pounds 
per Square Inch of Mortars with 
Various Mixtures of Sand, after One 
Year in Air. Pn>portions 100 lb. 
Portland Cement to 3.2 cu. ft. Mixed 
Sand. {See p, 148.) 


dilTcrent sizes, G, M, and F, in proportions .corresponding to its perpen- 
dicular distances from the sides opposite each apex, but having the same 
strength, weight, volume, humidity, or whatever special function may be 
^represented, as everv other, point on the same line. 
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Figs. 51 and 52, page 145, illustrate the use of the triangle for showing 
the volumes of sands composed of different sizes of grains. Any sand, 
for example, whose granulometric composition is represented by any point 
on the contour line labeled 0.575, in Fig. 51, has, when measured loose, 
0.575 of its volume, or 57i%, of absolutely solid matter, or, taking the 
complement, of voids. In Fig. 51 it will be seen that the greatest solid 

volume of loose sand is obtained by mixing G and F in proportions 60% G 
and 40% F by weight. The amount of solid matter in this mixture of 
maximum density is 0.61 of the unit volume; in other words, the sand con- 
tains 39% voids. By interpolating between the contour lines we may see 
that a sand consisting of eq\ial parts of the three sizes, which would be 
represented by a point at the geometrical center of the triangle, has about 
0.597 solid matter, or 40.3% voids. In sands shaken to refusal. Fig. 52, 
the mixture of maximum density consists of sands G and F alone, in jjro- 
portions about 55% G and 45% F, and the total solid matter, that is, the 
absolute volume of sand, in a unit volume of the shaken sand of maximum 
density, is 0.798, corresponding to 20.2% voids. 

EFFECT OF SIZE OF SAND UPON THE STRENGTH OF 
MORTAR 

As a matter of fact, the actual size of a sand, that is, the size of its grains, 
is subordinate, in its influence upon the strength and other qualities of a 
mortar, to the density of the mortar produced from it. One naturally 
would suppose that the densest sand, that is, the sand which contains, when 
dry, the fewest voids, when mixed with a given proportion of cement, would 
make, inevitably, the densest and therefore the strongest mortar. Such, 
however, is not necessarily the case, for the addition of both the cement 
and water change the mechanical composition. A mixture of fine sand 
and cement, for example, requires a larger percentage of water in gaging 
than a mixture of coarse sand and the same cement. The total volume of 
a mortar of plastic consistency is affected by the quantity of water used, 
as well as by the volumes of the dry materials. Hence, a mortar consisting 
of fine sand and cement will be less dense than one of coarse sand and the 
same cement, even though the fine and coarse sands, when weighed or 
measured dry, each contain the same proportions of solid matter and voids. 

Fine sand has more grains in a unit measure and therefore a greater 
number of jjoints of contact of the grains. The w^ater forms a film 
(see Fig. 63, p. 175,) and separates the grains by surface tension. 

The fact is graphically illustrated in Feret’s triangle, Fig. 53, page 146, 
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in which the contour lines show the combined absolute volumes of the 
cement and sand in i : 3 mortar (proportioned by weight) made from sand 
of various compositions. It will be noticed that the point of maximum 
absolute volume, which is labeled 0.734, is much farther to the left than 
in Figs. 51 and 52, showing that for a mortar of maximum densfty, a sand 
, is required containing more large particles, G, in proportion to the fine 
particles, F, than for maximum density with the same sand in its dry state. 

From such experiments Mr. Feret* derives the law that: 

The jilastic mortars, which, per unit of volume, contain the greatest abso- 
lute volume of solid materials (c + s), are those in which there are no 
medium grains, and in which coarse grains are found in a proportion double 
to that of fine grains, cement included. 

I 

Figs. 54, 55, and 56, page 146, .show the strength in compre.ssion, con- 
verted to pounds per .scpiarc inch, of mortars made from various mixtures 
of the three .sizes of sand. 

Comparing these with Fig. 53 it will be seen that the curves of strength 
follow the same general direction as the curves of density. This is in con- 
formity with the general laws stated at the commencement of the chapter 
and with the principles upon which Feret ’s formula (page 142) is based. 

There is one point which must be noticed when studying these and other 
similar triangles of Feret, namely, that his results, as shown by the curves 
on his triangles, apply exactly only to .sands and cements, and not to mixtures 
of .sand and coarse stone. In all the triangles, sands for maximum density 
are composed of a mixture of -fine and coarse grains with no medium 
grains. It is shown on page 372 that a denser mixture can be obtained 
with stone and sand and cement, that is, with three .sizes of materials, than 
with sand and cement, and it is con.scqucntly probable that Feret could 
have obtained greater densities by making the size of G larger (that is, 
employing for G gravel or broken stone) and the size of F smaller, and 
that with this arrangement a portion of the medium grains would have 
been ab.solutely necessary to obtain the maximum density. In this con- 
nection, however, it must be remembered that Ferct^s experiments were 
intended to cover, as far as possible, pracjtical combinations of sizes of 
sand for mortar. It is noticeable, even wn'th the. sizes of sand which he 
uses, that the curves in Fig. 53 run sharply upward, and that mortars from 
mixtures of three sizes of sand are therefore very nearly as dense and 
strong as those made from two si^s. ^ Furthermore, when . tha three sizes 
’ 1 ‘Annaics dels Fonts et:Cllatiss<ies,. i896f, ITi p. 
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G, M, and F are mixed together, a graded mixture is formed in which 
there are particles ranging frojn 0.2 inch down to fine dust* 

Experiments indicate, as stated on page 206, that sand for concrete 
requires for best results' more fine material than mortar sand. 

TESTS OF, DENSITY AND STRENGTH OF MORTARS OF COARSE 
VS. FINE SAND 

The application of Mr. Fcret’s tests is shown in the table on pages 136 
and 137, and to illustrate its practical use in comparing the quality of dif- 
ferent sands the following table is presented, giving the density and strength 
of three natural bank sands as tested in the laboratory of one of the authors.* 


Compressive Strength and Eletnenlary Volumetric Composition of 2-inch Cubes of 
Portland Cement and Bank Sand 

By Sanford K. Thompson 
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PRACTICAL APPLICATIONS OF THE LAWS OF DENSITY 

% 

It is probable that many who read this chapter will question the practical 
use of it all. Sand from the same bank usually varies largely in different 
places, and even when sands of a uniform character are to be obtained, it 
is considered impracticable to mix two or more sizes on account of the ex- 
pense involved. In other cases, only one quality of sand is obtainable, 
and consequently there is no opportunity for choice. 

In answer to such critics, we outline below several conditions under 
which the investigation of the physical pro}>erties of the sand is not only 
interesting but essential from the standpoint either of quality or of maxi- 
mum economy. 

(a) The variation of the sand in different portions of the same bank 
may be utilized by requiring the contractor to mix two sizes without exact 

♦ From paper by Sanford Z'. Thompson on "Sand for Mortar and Concrete,” Bulletin No. 3, 
Aaeociattoa American Portland Cement Manufacturers, 1906. 
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measurement, so that the material as delivered shall contain not less than 
a certain percentage of sand coarse enough to be retained on a certain 
sieve. 

(h) If two sands are a^'ailable, a study of their physical characteristics 
will determine which is better suited to the work in hand as the sand which 
produces the smallest volume 0} plastic mortar, when mixed with cement in 
the required proportiom by dry weight, furnishes the strongest and leastr 
permeable mort ir. 

(c) A good sand brought from a distance at a high price may, be more 
economical than a poor sand from a neighboring bank. 

(d) The relative value of crusher dust or of sand in a given locality may 
be determined by comparing their densities or the densities of mortars 
made from them. 

(e) l're(|uently, a mixture of a fine and coarse sand, or of sand and crusher 
dust, proportioned according to their relative granulometric compositions 
or analyses, may be shown to ])roduce a better mortar than either material 
alone. 

(/) To produce imj)ermeable mortar or concrete, it may be economical 
to screen a mixed gravelly sand into different sizes, and remix these in 
proportions which will jmxluce a mortar of greater density. 

(g) The value of *^sand cements” for use in mortar and concrete under 
certain conditions may be made evident. 

The use of mixed sand, as described in (a), was adopted by Mr. Thomaj. 
F. Richardson, Engineer, for the 1 : 2 Natural cement mortar emi)loycd in 
the stone masonr}' of the Wachusett dam of the Massac husetts Metr()i)olitan 
Water Works, after an exhaustive study of the comparative tensile strength 
and permeability of mortars made with dilTerent sands. He required 
the contractors to furnish sand so coarse that at least 50% would be 
retained on a sieve having 30 me.shes per linear inch. The sand was 
excavated by scrapers, and the condition was readily comi)lied with, 
whenever the sand in one section was shown by samples to be running too 
fine, by taking alternate scraper loads of coarse sand from another place 
in the bank. 

Mixed or graded sands arc specially advantageous when concrete is made 
at a central idant such as a block manufactory. By using graded screen- 
ings, instead of the fine stone as it came from the crusher, (ind by slightly 
increasing the size of the coarse aggregate, Mr. Thompson obtained a 
.strength two and one- half times as great with the same proportions of 
.cement and, on the other hand, maintained equal strength with 40% less 
'■ cement. 
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Gomparative Tests of Different Sands. One of the most important 
applications^ of the laws of density is in the comparison of different sands. 
Void determinations of sand are valueless because of variations in moist- 
ure and compactness, but if equal dry weights of each of the sands to be 
‘compared are mixed with the same cement in the proportions required 
on the work, and then gaged to plastic consistency as described on page 
138a, the best sand, provided it does not contain vegetable loam or other 
impurities to affect it chemically, is that which produces tlic smallest volume 
of mortar. 



CONVERSION OF MECHANIOAL ANALYSIS TO 
GRANULOMETRIC COMPOSITION 

As an illustration of methods of contrasting two different sands and of 
making practical use of Feret’s researches, we may compare tests made by 
Mr. R. L. Humphrey* in connection with the construction of the Pennsyl- 
vania Avenue Subway, Philadelphia. He found the tensile strength at the 
age of one year, of i : 3 mortar made with sand screened from gravel, to be 
about 50% stronger than that made with sand dredged from the Dela- 
ware River. The mechanical analysesf of the two sands are plotted by 

♦Tranfjactions American Society of Civil Engineers, Vol. XLVIII, p. 558. 
tMechanical Analysis Curves are described in Chapter XT, page 190. 


152' A TREATISE ON CONCRETE 

the authors in Fig. 57, page 151, from tables presented by Mr. Humpnrey. 

To transform these mechanical analysis curves to Feret's granulometric 
composition, we may draw on the diagram, ordinates corresponding to the 
8izesofsievesuscdbyhim,namcly,No.5,No. 15, and No. 46. (See p. 143.) 

^ From inspection of the curve it is evident that the granulometric composition 
of the gravel sand is g ^ 0.56, m « 0.35, f « 0.09, and of the river sand is 
g — 0.00, m « 0.89, f =* o.iT. Plotting these granulometric compositions 
as C and D on Feret’s triangle, Fig. 55, and interpolating between contours, 
we fmd the relative compressive strengths of mortars made from the two 
sands to be, after one year in fresh water, about as 1775 is to 2550, or as 
1: 1.44, while Mr. Humphrey’s ratio of tensile strength for the two mortars 
at the age of one year is as 304 is to 470, or as i: 1.53. These ratios are 
remarkably similar when the differences in conditions are considered. 

Numerous tests have been made in America* in proof of the general law 
that coarse sands are stronger than fine. Many experimenters have 
seemed to reach the result that coarse sand is stronger than mixed sand. 
In certain cases this is undoubtedly true, because of mixing the different 
sizes in wrong proportions, or because the mortar of coarse sand contains 
so large a proportion of cement that the voids arc completely filled and the 
addition of fine sand decreases, instead of increasing, the density. Mortar, 
for example, as rich as i : 2 (/,e., one part cement to two parts sand) of 
coarse sand is as strong as, and often stronger than, mortar of similar propor- 
tions made of almost any mixed sands, but with leaner mortars, a small 
admixture of from 10^0 fo 25% of fine sand improves it. Natural sand, 
which in apiiearance is very coarse, almost invariably has a small percentage 
of very fine particles which, with the fine grains of cement, may assist, in 
the leaner mixture, in pnxlucing a dense mortar. The mechanical analysis 
curves of sand shown in Fig, 72, on page 200, are an illustration of the fine 
matter contained in all bank sands. ' 

EFFECT OF QUANTITY OF WATER UPON THE STRENGTH 
OF MORTARS ' 

Fine sands require in gaging a larger percentage of water than coarse 
sands, in order to produce a mortar of the same consistency. This, as 
discussed on page 147, exerts an indirect influence upon the strength. 

The influence of different percentages of water upon the same cement 
and aggres^ate is largely physical, although a deficiency may affect the 

*E. Si-AVlkeeler m Report Chief of Engineers, U. S. A , 189^, p. 3013) A. S. Cooper in Journal 
IVanklSii. jbstitute, Vol. CXL, p. 326, Ira O, Baker in Journal Western Society of Engineers, VoiL 
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permanent strength of a mortar, while an excess may for reasons given on 
page 271 injure the cement by dissolving a portion of it. 

The effect of different proportions of water upon the ultimate strength 
(as suggested on p. 142) depends chiefly upon the density of the resulting 
mortar; the consistency which produces with a given weight of the same 
materials, the smallest volume, after setting, of Portland cement paste or 
mortar, gives the highest strength. Dry mixed mortars usually lest higher 
than wet, — especially at short periods, as they set and harden more rap- 
idly, — because they can be more densely compacted, but more uniform 
results in ])racticc as well as in experiment, can be attained with plastic 
mixtures. 

Tests by Mr. E. S. Teamed,* a portion of which arc shown in the la])lc on 
page 154, illustrate the])ractical effect of ditTercnt pro]K)rtions of water upon 
the strength of neat cement ]>astes at various |)erio(ls. Tt is noticeable that 
although the Natural cement mixed very wet linally attains a high strength, 
its very low slrengili uj) to 2S days shows the inadvisability of mixing 
Natural cement with an excess of water. 

SAND VS. BROKEN STONE SCREENINGS 

The relative strength of mortars made from sand and from screenings of 
broken stone or crusher dust has oecasioned much discussion and dis- 
pute. It is probably dependent cliicfly upon the relative density of the 
dilTerent mortars. Usually, a mortar from sc recniiigs will show higher 
tests, while occasionally mortar from sand will ])e siipcTior, ])C('aiiso of the 
difference in size or of tlic relative sizes of the ]>articles or grains com- 
posing the two materials. 

In some cases the form of the grainf and the mineralogic composition^ 
may exert a certain inllueiicc, although tests show that these arc usually 
of inferior imporbince to the mechanical or granulometric composition 
of the sand or screenings. It is possil)le that the line dust or impalpable 
powder in certain stone may chemically react u]>on the cement. 

On the other hand, screenings from a soft stone like slate, shale or soft 
limestone, may contain so much dust as to produce a poor mortar or 
concrete, for the same reason that a very line sand results in a weak mortar. 

*Procccdini»s Am*'nc.\n Society for Testinj; Materials, Vol. Ilf, 1903, p. 46I. 

tBaumaterialicnkundo, V Jahrgang (1900), p. 2f, and Annales dcs Fonts ct Chaiissees, 1892, 
n, p. 124. 

tMir. P. Alexandre fdiind calcareous sands to give relatively high strength, and Mr. Ferct 
obtained similar high results with marble. 
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Table Showing Strength oj Cements Mixed Neat with Di^erent 
Proportions of Water. 

By Edward S. Earned. (.Sec />. 153.) 
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Note. — Results shown are the averages of six briquettes made. 



STRENGTH OF CEMENT MORTARS 


Such dusty screenings are also cs{)ecially had for granolithic surfacing for 
sidewalks, and must not be used, 

SHARPNESS OF SAND 

In the past all specifications have called tor clean, sharp ” sand in spite 
of the fact that in many parts of the country where sharp sand is not 
obtainable, sand with rounded grains is furnished and used with perfect 
satisfaction. 

Comparative laborator}'' tests under conditions as nearly as possible 
identical uphold the practice of using sand with rounded grains. They 
indicate, as may be inferred from the previous discussion in this chapter, 
that the chief difference in natural sands is due to the size of the grains, 
and while the sharpness of grain may exert a certain intluence it is of 
so much less imjiortance than the size of the grain that the requirement 
of sharpness for sand shotdd he omitted from concrete specifications. 

Referring to columns (it) and (22) in the table on page 136, and to 
Fig. 4Q, page 141, it is evident that the difference in strength of nearly all 
the moriars made with the various >sands is explained by the differing 
percentages of cement and densities without reference to the character of 
the grains. The only noticeable exception is with the artificial sand, M', 
which consists of mixed sizes of crushed (juartz. Mr. Fcrelt believes that 
this exception may be due to chemical action produced by the large (juan- 
tity (^r its weight) of impalpable (puirtz. Sand N', also cruslicd quartz, 
but containing none of this fine powder, jirodiiccs a mortar similar in 
strength to like mortars of natural sand having rounded grains. 

Other tests of Mr. Fercl§ and comparative tests, in the United States, of 
mortar with crushed quartz and natural .sands generally confirm the above 
conclusion. The variation in the shape of the grains of natural .sands and 
crushed quartz is illustrated in Figs, 62, 64, and 65, page 175. 

EFFECT OF NATURAL IMPURITIES IN THE SAND UPON 
THE STRENGTH OF MORTAR 

A clause to the effect that a sand for mortar or ( oncrete .shall be ‘‘clean ” 
is almost universally found in masonry .specifications. I'he neces.sity for 
this requirement is often (questioned by cement experimenters, because the 
results of tests of mortar to which percentages of loam or clay have been 
added, often give higher results than those of mortar made with cement and 
pure sand. 

^Bulletin tie la Soci^td d'Encouragement pour I’Industrie Nationale, 1897, Vol. IT. 

§Annales des Fonts et Chauss^es, 1892, IT, p. 124. 
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As a matter of fact, it is impossible to make a general statement either to 
the effect tliat natural impurities in sand are beneficial or that they are 
detrimental. In s<nne cases fine material may be of actual benefit, while 
in others the contrary is true. 

The ciuse is covered by three conditions; (i) the character of the impuri- 
ties; (2) the (oarseness of the sand; (3) the richness of the mortar. 

Character of Impurities. If the fine material is of ordinary mineral 
composition, such as clay, the mortar is affected only mechanically, and the 
results depend upon the coarseness of the sand of which the fine material is 
a p.'irt ;ind the richness of the mortar, as indicated in i>aragraphs which 
follow. One exception to this general rule is when the clay is in such con- 
dition as to “ball u])" and stick together so as to remain in lumps in the 
finished concrete. On the other hand, a small percentage of clay well dis- 
tributed may be valuable for making the concrete or i*iu>rtar work smooth, 
and especially for increasing its water-tightness (see p. 343). 

Vegetable or Organic Impurities. When the impurities arc of an 
organic nature, like vegetable loam, they frcMjuently have been found to 
prevent the mortar or concrete from hardening or to retard the hardenirg 
for .so long a period as to make the sands entirely unlit for use. A very 
minute quantity of vegetable matter may produce injury, so small a per- 
centage in fait that frcijuently a sand whiih has j)assed careful inspection 
fails in practice to set pnqierly with any brand of cement; therefore a test 
is absolutely necessary for any sand which has a siisjiicion of organic matter. 

'I'he following tests of r : 3 mortar made witli sand satisfactory in ap]>ea> 
ance, but which nevertheless i aused the fall of a I'oncrete l)uilding, are given 

Effect of Vc*^ctahtr f m/yitntii S' in Sand 
l^v Sankokd 1'^. 'PnoMi^soN, igoo See p, 
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* Poorest portion of bank; reddish and dsrk in appcar.mce. 

*)- Average sand from bank which passed inspection. 

i \ medium good sand from another banl similar to B in appearance, mechanical analysis, and 
chemical composition except nearly free from vegetable impurity. 
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in the following table. They are averaged from different series and for con- 
venience in comparison the results are all converted to the basis of standard 
sand mortar, considered as 200 pounds in 7 days and 300 p9unds in 28 days. 
The mortars were stored in air to conform to the actual conditions. Com- 
parative tests on mortars from the same sands stored in moist air and in 
water corroborated the results. 

The cause of the failure was traced in the expert investigation, to vege- 
table impurities in the sand which had washed down into the bank from the 
soil above. The poorest sand, showed by mechanical analysis only 
4% by weight of fine material passing a No. 100 sieve and t .6 i % silt by 
washing, but this silt was found to contain nearly 30^^^ of vegetable matter 
corresponding however to only 0.5% in the total sand. The vegetable 
matter appeared to coat the grains of sand so as to prevent adhesion of the 
cement and also retarded the setting. 

Effect of Fme Material in Filling Voids. Lean mortars may be im- 
proved by small admixtures of pure clay or by substituting dirty for clean 
sand, provided it is free from vegetable matter, because the fine material 
increases the density. Rich mortars, on the other hand, do not require the 
»'d(lition of fine material, and it may be positively detrimental, liecause the 
cement furnishes all the fine material required for maximum density. This 
is illustrated in experiments by Mr. Oricsenauer* in which an admixture of 
even 2 per cent of clay (based on the weight of the sand) slightly reduced the 
strength of i :*2 mortar, while 20^’^ of clay, added to the 2 parts of sand, 
reduced the strength about 30%. In i : 3 mortar, on the other hand, the 
addition of 2% slightly increased the strength, and there was no appre- 
ciable injury up to 20% addition. 

In experiments by Mr. E. S. Wheclerj* clay reduced the strength of neat 
and I : i mortars, but improved leaner mixtures. 

In this conne( tion, of course, it mu.st be borne in mind that if the sand is 
composed largely of fine material, the strength of the mortar is com- 
paratively low, as indicated in preceding pages. 

EFFECT OF MICA IN THE SAND UPON THE STRENGTH OF 

MORTAR 

The effect of mica in screenings from stone of a micaceous nature has 
been the subject of considerable controversy. Tests by Mr. FeretJ in 
France indicated that the presence of 2% of mica has but slight influence 
upon the tensile strength of mortar, but a greater one upon its compressive 

* Engineering New%, April 28, 1904, p. 413. 

f Report Chief of Engineers, U. S. A., 1895, P* 3 ^ 4 * P* ^^^ 7 * 

i Bulletin de la Soadtd d'Eacouragement pour I’Industrie Nationale, 1897, Vol. II. 
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strength. More recent tests by Mr. W. N. Willis* in 1907 on mortars 
made with standard Ottawa sand into which mica was introduced are 
illustrated in Fig. 57a. He found that the presence of mica increased the 
voids and decreased the strength. The sand used in tests, loosely shaken, 
contained 37% voids, but as mica was added, the voids increased rapidly 
until with 2o^/J. mic a the voids were 67% with a corresponding decrease in 
weight, and three times the amount of water was required for mixing. 

It is thus evident that the reduction in strength was largely due to the 
dec rease in density and not entirely caused by the slipj)ery character of the 
grains. In crushed stone screenings it is i)robable that the effect of the 
same percentage of mica in the natural state would be less marked. 



Fig. 57a.--EfFect cjf the Addition of Mica upon i : 3 Mortar of Standard Sand. 
B Y W. X. Willis. (See />. i54d.) 


Black mica, which has a different crystalline form, is not injurious to 
inortar. 


EFFECT OF LIME UPON THE STRENGTH OF MORTAR 

As a principal constituent of mortar in masonry construction, lime is 
inferior to cement in durability and strength. However, not only because 
of its relative cheapness, but also because a small addition of slaked or 
hydrated lime may increase the density of the mortar and cause it to work 
easier under the trowel, a limited quantity often can be used to advantage 
in mortar which is to be subjected to high loading. 

* Cement Age, Mar. 1907, p. 172. 
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For concrete, lijne has been suggested, as mentioned in Chapter XIX, on 
Water-tightness, as a suitable ingredient to fill the voids and thus render it 
more impermeable. 

Although lime mixed with neat cement is apt to decrease its strength, in 
combination with sand for cement mortars, a small admixture of lime may 
add to the strength of the mortar. The questions as to whether lime is 
beneficial, and as to the amount which can be used, arc determined by the 
character of the cement, the coarseness of the sand, and the proportions in 
which the two are mixed. The effect of lime in cement mortar or concrete 
is chiefly mechanical. In a porous mortar or concrete a small quantity of 
it assists in filling the voids, and if it is thoroughly slaked so as to contain 
no quicklime, its expansion need not be feared. 

Since even a neat cement paste has 35% to 45% water plus air voids, the 
inference might be drawn that the addition of lime would increase its 
density, and thus that the lime would be valuable even in very rich mortars. 
However, it seems to be practically impossible, except under high pressure, 
to replace the water which occupies the voids in neat cement paste with 
lime or any other fine powder. But it is evident that a lean morta.:, such 
as a 1: 4, or even a 1:3, should be improved by the addition of lime, and 
that this is true is illustrated in the following tests by Mr. E. S. Wheeler.* 
In these experiments the addition of 10% of lime — based on the weight 
of the cement — increases the strength of i : 3 mortar, and as shown ])y 
item (3) in the table, a i : 3 J mortar with 10% of lime is stronger than a 
1:3 mortar with no lime. Items (4) and (5) illustrate the reduction in 


Efjeci oj Lime Paste upon the Strength 0} Portland Cement Mortar, 
By K. S. Wheelkk. (See p, 155.) 
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♦Report Chief of Engineers, U. S. A., 1896, p. 2823. 

frhe weight of the lime paste was 2.7 times the weights in this column. 
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strength when the lime becomes more nearly a principal ingredient. Each 
\ralue is an average of five briquettes^* 

With another brand of cement and sand- of different coarseness the 
relative quantity of lime to produce similar results will differ, but the 
general principle will still hold. In determining the amount of lime to 
add without decreasing the strength of a certain mortar, tests should be 
made with the materials to be employed. 

In scientific experiments by Mr. Feret* the maximum strength of 1:4 
mortar of Portland cement and sand from Saint Malof was reached 
with an addition of 4% or 5% by weight of hydrated lime powder. As 
the mortar became richer, the lime had less effect, until at proportions 
1:2, the addition of lime reduced the density, and at proportions i:ii 
the strength was also lowered. 

A larger number of bricks can be laid in a given time with mortar con- 
taining lime than with a lean cement mortar because the lime fills the pores 
in the mortar so that it spreads more readily without crumbling and ad- 
heres better to the bricks in buttering ” them. 

Unslaked Lime. Unslaked lime mixed with cement either for mortar 
or concrete is liable to produce expansion in the masonry and it is therefore 
never permissible to use it under any circumstances. Builders recognize 
that lime, putty, or paste is much improved by standing for several days, 
or, belter, for months, before being used, becau.se all the small lumps are 
thus slaked. This thorough slaking is es})ecially necessary when lime is 
to be used, even as a very small ingredient, in important concrete and 
masonry construction; an admixture of even 2% of ground quicklime may 
seriously reduce the strength of the mortar. { 

Weight and Volume of Lime. In proportioning lime to cement, the 
method of measurement must be clearly stated. The volume of common 
lime or quicklime increa.ses in slaking to about 2^ times its volume meas- 
ured loose in the lime cask, the exact increase varying with the chemical 
composition and the purity of the lime. The weight of lime paste is about 
2J times the weight of the same lime before slaking. Hydrated lime 
powder also occupies more volume than quicklime from which it is made. 

w 

GROUND TEBRA-OOTTA OR BRICK AS A SUBSTITUTE FOR SAND 

Experiments by Mr. E. S. Wheeler§ indicated that for a mortar of light 
weight terra-cotta may be ground and used instead of sand. Tests with 

*Chimie Applique, '^^ 37 * P> 
tSec p. 137. 

. {Report Chief of Engineers, U. S. A., 1895, P‘ ^ 999 * 

{Report Chief of Engineers^ U. S. A., i896,^p. 2866. 

** See testk by Dr. £. W. Lazell, Traneactions American Society for Testing Matenah, Vol. 
VIII, 1908, p. ai8. 
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both Portland and Natural cement mixed with the ground terra-cotta in 
various proportions gave at the end of three months tensile strengths 
which are not appreciably different from the, strengths obtained with 
standard crushed quartz. Red brick pulverized* may also be used for 
the same purpose with good results. 

EFFECT OF REGAGINO MORTAR AND CONCRETE 

Engineers have frequently specified and insisteii that concrete or mortar 
be used immediately, that is, wathin one hour or one-half hour after it is 
gaged. As op})osed to this requirement, tests by various experimenters 
indicate with .singular unanimity that, at least for Portland cements, it is 
unnecessary, and that Portland cement concrete or mortar may remain 
for at least two hours in the mortar bed without deterioration. In fact, 
the ultimate tensile and compressive strength appears to be thus increased. 

The results of such tests lead to the following conclusions: 

(i) The tensile or com])ressive strength of Portland cement mortars or 
concretes is not lowered by .standing two hours after mixing. 

(-) Continuous gaging increases the ultimate strength.. 

(3) Regaging makes the cement .slower setting. 

Because of the Slow Setting and Hardening it is Scarcely ever Advis- 
able ip Practice to Permit the Regaglng of Mortar or Concrete. 

With Natural cements, liowevcr, the results of experiments are somewhat 
contradic tory. It is j^robable that some Natural cements are injured, and, 
therefore, if circ'umstanccs reejuire delay in plac ing Natural cement mortar, 
the effect of such delay should be determined by tests upon \he brand to be 
used. 

Afr. E. Candlot (sec page 124) stales that the adhesive quality of cement 
mortar is reduced by regaging. 

Extended tests to determine the elTcct of regaging neat cements and 
mortars have been made by Mr. P. Alcxandrcf and Mr. E. CandlotJ in 
France, by Mr. Henry Faija§ in England, by Mr. James E. Howardf at 
the Watertown Arsenal, U. S. A., and by Mr. Thomas F. Richard.son at 
the Wachusett Dam, Massachusetts. 

Mr. Richardson in the course of his experiments made a batch of 1:2 
mortar from each cement, cut it into two portions and, leaving half of it ip 

♦Report Chief of Engineers, U, S. A., 1896, p. 2830. 
j-Annalcs des Fonts ct Chaussees, 1890, II, p. 340. 
jCandlot’s Ciments et Chaux Hydrauliques, 1898, p. 355. 

§Butlcr’s Portland Cement, 1899, p. 307. 
f Tests of Metals, U. S. A., 1901, p. 497. 
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the mortar box, had the other half worked continuously. At various 
periods ranging from seven minutes to two hours, samples were taken from 
each portion, and made into tensile briquettes. Several brands of Amer- 
ican and English Portland cements, both slow and quick-setting, and 
several brands of Natural cement having different periods of set, were 
tested. Referring to the results Mr. Richardson states:* 

P'or the quicker setting cements there was a considerable falling off in 
strength in the bri(|ucttes broken seven days after being mixed, and a 
somewhat less falling oil for those broken twenty-eight days after mixing; 
but at the age of six months all the mortars which had been allowed to 
stand, or wliich were worked continuously for one and one-half and two 
hours, showed a considerable gain in tensile strength. 

A typical series of tests with Rosendale cement, which attained its 
initial set in forty minutes and its final set in ninety minutes, and ccxirsc 
sand (passing a No. 8 and retained on a No. 30 sieve) is presented in the 
following table: 

Effect of upon the Tensile Strength of i: 2 Natural (^Rosendale) 

Cement Mortar, {See p, 15S.) 

Hy Thomas F. Rtcuaudsow 



1 Pfriods i)f Sampling. 


IinmcdiJitcIv 

! .\ftcr OIK* hour 

1 After two hc)urs 

Age 


1 






Worked 

1 

{ Not W»>rkecl 

Worked 

Not Worked 


11). ixT sq. in. 

11). i)cr vq. in. 

j 11). iHT sq. in. 

11). ix*r ‘^q. in. 

lb. ])iT s<i. in. 

7 

27 

23 

21 


15 

28 (lays 

22 

.^4 

27 

3 ^ ; 

1 "y 

"5 months 

T20 

^55 

141 

1 

IQ 2 

150 

6 months 


223 


•225 

213 


As a result of his tests, Mr. Richardson allowed the contractor, when 
ncces.sary, to use the mortar on the dam up to two hours after being mixed. 
This was often a great convenience because of the distance of the mortar- 
mixing machine from the dam. 

Mr. Howard at the Watertown Arsenal took samples of neat Portland 

♦Personal correspondence. 
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cement after longer periods of setting, in some cases up to one hundred and 
two hours. In general, his specimens showed at the age of one month no 
appreciable difference, whether th^y were taken when first gaged or at 
four, or in some cases eight, hours after gaging. The strength of specimens 
taken after longer periods of standing was found at the age of one month to 
be lower. Natural cements showed an immediate falling off, due to 
regaging, on the thirty days’ tests, but the tests wxre not extended beyond 
this age. 

The Setting of Regaged Mortars. The experiments of Mr. Candlot 
were made chiefly upon mortars which had attained their final set, as 
determined by the pressure of the thumb. These mortars, after regaging, 
set much more slowly than nornruilly gaged mortars, and he states that the 
set occurred at approximately the same time with all cements. “Thus, 
whether a mortar originally sets in ten minutes or three hours, when 
regaged it requires, in either case, about eight to ten hours.” lie concludes 
from this action that, in Portland cements, aluminate of lime, which plays 
an important part in the setting, has no action on the hardening. 

Consequently regaging should have little inlluence upon siliceous prod- 
ucts, while it would be exj^ected to seriously affec t aluminous cements. 
This is the eflcct in practice, for limes and Portland cements can be regaged 
without bad results,, while the strength of Natural Vassy cement is con- 
siderably lowered by regaging.* 

Effect of Regaging upon Adhesion. Mr. C'andlot* found that mortars 
which had set several hours before molding, although usually showing as 
great compressive or tensile strength as normal mortars, gave much lower 
strength in adhesion, the reduction in strength ])eing often 50%. (See 
p. 124.) 

TESTS OF SAND FOR MORTAR AND CONCRETE 

Since it is frequently impossible even for the most expert engineer to 
determine positively whether or not sand is fit to use for mortar and concrete, f 
it should always be tested for important structures. 'Phe exjierience of 
one of the authors during the last few years in the investigation of failures 
of concrete structures leads to the conclusion that unless the sand is from a 
bank of knowm quality it is even more necessary to test the sand than 
to test the cement. 

The test recommended by the Joint Committee on Concrete and Rein- 
forced Concrete in 1909 is as follows: 

Mortars composed of one part Portland cement and three parts fine 

♦Candlot’s Ciments et Chaux HyJrauHques, 1898, pp. 358 and 360. 

tSee p. ij4b. 
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aggregate, by weight, when made into briquets should show a tensile strength 
of at least 70 per cent of the strength of i : 3 mortar of the same consistency 
made with the same cement and standard Ottawa sand. To avoid the 
removal of any coating on the grains which may affebt the strength, bank 
sands should not be dried before being made into mortar but should con- 
tain natural moisture. The percentage of moisture may be determined 
upon a se[)arate sam]jle for correcting weight. From to to 40 per cent 
more water may be required in mixing bank or artificial sands than for 
.standard Ottawa sand to produce the same consistency. ^ 

Sieves for Testing Sand. Since the relative strength (if sand mortars, 
which are free from organic or other impurities is governed by the sizes 
and relative sizes of the grains, mcclianical analysis tests are recommended 
by the Reinforced Concrete C'ommittcc of the National Association of 
Cement Users, 1909, as frequently of great value in selecting a sand. 

The relative strength of mortars from different sands is ^largely af- 
fected by the size of the grains. A coarse sand gives a stronger mortar 
than a fine one, and generally a gradation of grains from fine t(i coarse is 
advantageous. If a sand is so fine that more than to per cent of the total 
dry weight passes a No. 100 sieve, that is, a sieve having 100 meshes to the 
linear inch, dr if more than 35 per cent of the total (Iry weight passes a 
.sieve having 50 meshes j)cr linear inch, it should be rejected or used with 
a large excess of cement. 

For the purpose of comparing the quality of different sands a test 
of the meclianical analysis or granulometric composition is recommended, 
although this should not be substituted for the strength test. I'hc ]>er- 
ccntitges of the total weight passing each sieve should be recorded. For 
this test the following sieves are recommended:* 

0.250 inch diameter holes.f 

No. 8 mesh holes 0.0(955 inch width No. 23 wire 

No. 20 “ “ 0.0335 " " No. 28 

No. 50 “ “ 0.01 10 " “ No. 35 “ 

No. 100 “ “ 0-0055 “ “ No. 40 “ 

The effect of mechanical analy.sis or granulometric comjKxsition upon 
the .strength of mortar is illustrated in table, page i5(9b. By this table 
the relative .strength of different .sands may be approximately e.stimatcd. 

Washing Test for Organic Impurities. To determine the percentage 
of organic imjiuritics, the silt can be removed from the sand by placing it in 
a large bottle and washing it with several waters. The wash water is 
evaporated, and the residue is screened through a No. too mesh sieve to 
remove coarse particles w hich do not affect the strength. The silt passing 

* Sheet brass perforated with round holes jpasscs the material more quickly than square 
holes. Round holes corresponding to sieves No. 8. 20 and 50 respectively are approximately 
0.125, 0.050, 0.020 inch diameter. 

f A No. 4 sieve, having 4 meshes per linear inch, passes approximately the same size grams 
as a sieve with 0.25 diameter holes. 
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this sieve is weighed to obtain the percentage in the original sand, and then 
ignited in a platinum crucible to determine, after driving off the water, the 
percentage of combustible organic matter. 

Although data on the subject is incomplete, tests by Mr. Thompson tend 
to indicate that if the silt in a sand has more than 10% organic matter, and 
at the same time if the organic matter amounts to- over 0.1% of the total 
sand, the use of the sand may be dangerous.* 

Microscopical Examination of Sand. An examination of grains of dirty 
sand with a microsco[)e will frequently show a crust of organic matter oh 
the grains which is not readily brushed off. 

Chemical Composition of Sand. A sand found by chemical test to con- 
tain a large per cent, say, 95 per cent, of silica is apt to ])e of excellent 
quality for mortar. However, this is by no means a sure test or a neces- 
sary test, since sands are frequently found with as low as 75% of silica 
which make first-class mortar or concrete. 

Tests by New York Board of Water Supply of 1 : 3 Mortar Made With Sands 
of Differ e>it Mechanical Analysis. {Seep. 159a) 



Pereentaffes Pa.s.sinK Sieves. 


Tenrile Test. 

C()mpressir>n Test. 


_ 



I.b. per in. 

Lib. per 

Kf|. in. 

lo. 4 . 

No. S. 

No. 50 . j 

No. loq. 

7 days. 

00 day»i. 

7 days. 

GO days. 

TOO 

i 

12 1 

5 i 

213 

613 

2690 

5640 

TOO 

1 86 

21 1 

6 

263 

412 

1915 

4660 

too 

i 99 

26 1 

2 ! 

177 

32.5 

905 

2170 

100 

97 

28 i 

6 i 

178 

282 

107 ■> 

1500 

100 

; 94 

44 i 

J 2 ! 

i .?9 

228 

90 J 

1130 

100 

1 TOO 

52 : 

1 

J 22 

170 

275 

810 

100 

1 100 

94 ! 

48 1 

80 

149 

330 

490 

- . 

' 
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EFFECT OF GAGING WITH SEA WATER 

Mr. Alexandref concludes from his own and other experiments which 
extend to a three-year period^ that there is no essential difference in strength 
of mortars gaged with fresh and with sea water. Briquettes gaged with sea 
water, however, usually set very much slower than those gaged with fresh 
water, t 

Crushing tests made by the authors in 1909 on six 3-inch cubes of 1:2:4 
concrete 14 months old, three of which, were gaged with sea- water and 
three with fresh water, gave a result which indicated no appreciable dif- 
ference between the two; the specimens gaged with sea- water averaging 
4070 lb. per sq. in. and the fresh water cubes 3870 lb. per sq. in, 

♦See “Impurities in Sand for Concrete** by San.'ord £. Thompson, Transactions American 
Society of Civil Engineers, 1909, 

f Annales des Fonts et Chaussdes, 1890, II, p. 332. 

jAlerandre and Feret in Commission des Mdthodes d'Essai des Matdriaux dc Construetkn^ 
1895, Vol rV, p. III.. 
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CHAPTER X 

VOIDS AND OTHER CHARACTERISTICS OF 
CONCRETE AGGREGATES 

In this chapter are given tables of the specific gravities and voids of 
different materials, and the method of determining them, also laws relating 
to the voids in concrete aggregates, and the effect of compacting such 
materials. 

Laws of Volumes and Voids. The most important of these general 
laws relating to volumes of different materials, and to their voids, may 
be stated as follows: 

(1) A mass of equal spheres, if symmetrically i)iled in the theoretically 
most compact manner, would have 26% voids whatever the size of the 
spheres, but by experiment it is found that it is practically impossible to 
get below 44% voids. (See p. 168.) 

(2) If a dry material having grains of uniform shape be separated by 
screens into grains of uniform dimensions, the separated sizes (except 
when finer than will pass a No. 74 screen) will contain approximately 
equal percentages of voids; in other words, a dry substance consisting of 
large particles, all of similar size and shape, will contain practically the 
same percentage of voids as a substance having grains of the same shape 
but of uniformly smaller size. (See p. 170.) 

(3) In any material the largest percentage of voids occurs with grains 
of uniform size, and the smallest percentage of voids with a mixture of 
sizes so graded that the voids of each size are filled with the largest par- 
ticles that will enter them. (See p. 171.) 

(4) An aggregate consisting of a mixture of coarse stones and sand has 
greater density — that is, contains a smaller i)crcentage of voids — than 
the sand alone. (See p. 172.) 

(5) By Fuller and Thompson's experiments, perfect gradation of sizes 
of the aggregate appears to occur when the percentages of the mixed aggre- 
gate passing different sizes of sieves are defined by a curve which approaches 
a combination of an ellipse and straight line. (See Chap. XI, p. 201.) 

‘ (6) Materials with round grains, such as gravel, contain fewer voids 
than materials with angular grains, such as broken stone, even though 
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the particles in both may have passed through and been caught by the 
same screens. (See p. 174.) 

(7) The mixture of a small amount of water with dry sand increases 
its bulk. In the case of most bank sands the maximum volume — 
and hence the smallest amount of solid matter per unit of volume, 
that is, the largest percentage of absolute voids — being reached with 
from 5% to 8% of w'ater. (See p. 176.) 

CLASSIFICATION OF BROKEN STONE.* 

Rocks which are commonly employed for concrete or for road making 
are commercially classified as (</) traps, {h) granites, (r) limestones, {d) 
conglomerates, and (e) sandstones. 

The trade term ‘‘trap^’ includes dark green to black, heavy, close tex- 
tured, toiigli rocks of igneous origin, thus covering a variety of rock whose 
mineralogical names are diabase, norite, gabbro, etc. As shown in the 
table below, the traf)s usually range in specific gravity from 2.80 to 

3-05* 

Oranites, commercially so called, include the lighter colored, less dense 
rock, such as not only true granite, but syenite, diorite, gneiss, mica schist, 
and several other grou])s. I'heir s})ccific gravities range from about 2,65 
to 2.85, averaging close to 2.70. Although, as road metal, the traps are 
usually far superior to granites, for concrete there appears to be no great 
difference in the value of the two classes. Tl>e distinction, however, is 
worth kc(jping because a concrete stone is often purchased from road 
metal quarries. 

famestones of normal type range in si)ecific gravity from 2.47 to 2.76, 
averaging about 2.60, although the very soft stones, which are not suitable 
for high class concrete, may fall below 2.0. 

Conglomerate, or pudding stone as it is often termed, is essentially a 
very coarse grained sandstone, ranging in specific gravity from 2.50 to 
2.80. It makes a good concrete aggregate. 

Sandstones of compact texture, such as the Potsdam and Medina sand- 
stones, and the Hudson River bluestone, may run as high in specific 
gravity as 2.75, while the looser textured, more porous sandstones may 
fall as low as 2.10, a fair average being about 2.40. 

Shale and slate make poor concrete aggregates, because their crushing 
and shearing strength is low. 

*The authors are indebted to Mr. Edwin C. Eckel for the material under this heading, which 
has been especially prepared by him for this Treatise. 
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specific Gravity of Stone from Different Localities, 
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TRAP. GRANITE. 



Specific 


Si)ecific 

Gravity. 

l-iocalily. 

Gravity 

Massachusetts 


California 


Boston 

... 2.78 

Penrhyn 

2.77 

Minnesota 


Rocklin 

2.68 

Duluth-. 

. . . 3.00 

Conn ecticut 


Duluth 

2.80 

Greenwich 

2.84 

Taylors halls 

3.00 

New London 

2.66 

New Jersey 


Georgia 


JiTSPV City Heights 

• - • 3-03 

Stone Ml 

2 XK) 

T. it tie I-alls 

. . . 2.99 

Maine 


New York 


Hallowell 

2.66 

Staten Tsland 

... 2.86 

Maryland 




Pori Deposit 

2.72 



MAssACHL-si/rrs 




Quint V 

2.70 



Nf:w Hampshire 




Keene 

2.66 



New' \'ork 




Au‘5.il)le 1‘orks 

2.76 



Rhode Island 




Westerly 

2.67 



Vermon r 




Bane 

2.65 



Wisconsin 




Aml)(‘rg 

’•;! 



Monlello 

. . 2.61 

limestone. 


SANDSTOM . 



ilic 


specific 

liOi .ility. 

Gr.nilv. 

L«»c.ilifv. 

Graxiiy. 

Illinois 


Colorado 


Joliet . 

. . . 2.5!) 

I t. ('ollins 

-'43 

Eeniont 

... 2. SI 

'Prinidad 

-'-34 

(Quincy 

... 2.57 

('oNNEClTCUr 


Indiana 


PorllamP 


Bedford 

... 2 . 4 « 

Massachusetts 


Salem 

... 2 .SI 

Longmeadow' 

2. .48 

Minnesota 


MlNXE.SorA 


h'rontenae 

... 2.63 

Fontl till T^ac 

2.2.1 

Winona 

... 2.07 

New* JersI'.y 


New York 


Belleville' 

2.26 

C’annjoharie 

2.68 

Neav York 


(ilens J'alls 

. . . 2.70 

Albion- 

2 .60 

Ivingston 

2.6f) 

Medina- 

2.41 

Prospect 

... 2.72 

Potsdam^ 

2 .60 

Sandy Hill 

... 2.76 

Oxford^ 

2.71 

Williamsville 

... 2.71 

Malden"* 

2.75 



Gswego 

2.42 

Soft Limestone 


Ohio 


France 


Berea*'* 


Caen 

1.84 

Cleveland 




Massillon 


‘Brownstonc. 


^Bluc‘-tone. 


^Medina sandstone. 


®HudRon River Bluestone. 


^Potsdam sandstone. 


•Bercd grit. 
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AVERAGE SPEGIFIO GRAVITY OF SAND AND STONE 

The spedtk gravity of a substance is the ratio of the weight of a given 
volume to the weight of the same volume of distilled water at a tempera- 
ture of 4® Cent. (39® Fahr.). For ordinary tests of stone and sand, the 
water need not be distilled and may be at ordinar}^ tcm})crature. 

A knowledge of the specific gravity of. the particles of the sand and 
stone is important to the engineer as a ready means of determining the 
percentages of voids. 

The uniformity in the specific gravity of different sands is very con 
venient for calculation. Different authorities who have tested large quan- 
tities of sand ha\'e reached almost identical conclusions as to the average 
specific gravity, and all state that it is jiractically a constant. Mr. Allen 
Hazen gives 2.65, Mr. William B. Fuller, 2.64, Mrj»,J^Kcfet in France 
states that “one may without appreciable error ado])||^n average specific 
gravity of 2.65 for siliceous sands,”* ^^vilc Mr. E. Candlot gives limits of 
2.60 to 2.68 for sands which arc n^T iiorous.f The specific gravity of 
calcareous sands averages about 2.69 by alisolutc determination, or about 
2.55 if measured by the total volume of the particles having their pores 
filled with air. 

Gravels also have (piite uniform specific gravity. According to Mr. 
A. E. Schutte, who has tested gravel from more than forty localities in the 
United States and ('anada, an fverage value is 2.06. 

'Fhe following tal)le gives a^iiei^gc values of various concrete aggregates. 
In every case, tlie s})eciric gravity is the ratio of the weight of an abso- 
lutely solid unit volume of each material to the weight of a unit volume 
of water. Specific gravities of stone from various localities are given on 
page 1 62. 


Average Specific Gravity of Various Aggregates. {See p. 163.) 


Weight <if .1 

S|K’( ifir < u. ft. <if rotk. 

Afatcrial. Oravily. Ib. AuUuirity. 

Sand 2.65 165 Allrri Ila/cn 

(rravd 2.66 165 A. T^.Sdiutte 

Conglomerate 2.6 162 Robert Sjnirr Weston 

Granite 2.7 168 Edwin C'. Eckel 

Limestone 2.6 162 Edwin C. Eckel 

Trap 2.9 t8o Edwin C. Eckel 

Slate 2.7 168 Tt)d’R Tablest 

Sandstone 2.4 150 Edwin C. Eckel 

Cinders (bituminous) 1.5 pq I’he authors 


♦Bulletin dc la Soci^tc d’ Encouragement pour Tin duhtric Nationale, 1897, Vol. II, p. 1591. 
fCiments ct Chaux Hydrauliques, 1898, p. 146. 

^Encyclopedia Britannica. 
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METHOD OF DETERMINING SPEOIFIO GRAVITY 

The specific gravity of a sample of material is determined by dividing 
its weight by the weight of water which it displaces when immersed. 

The size of sample necessary for the accurate determination of a sand 
or stone of fairly uniform texture depends chiefly upon the delicacy , of the 
apparatus employed. If scales reading to grams, and measures reading 
to cubic centimeters, arc employed, a sample of 250 grams should give 
accurate results to two decimal places. With scales reading to \ ounce, 
a sample of 4 lb. is necessary for similar accuracy. The water must be 
maintained at 68° Fahr. (20° Cent.). 

The sample should be taken by the method of quartering described on 
page 398. 

Before fimiing the specific gravity of siliceous sand, the sample should 
be dried in at a temperature as high as 212° Fahr. (100° Cent.) 

until there is no fl^^bcr IossrIu weight. A porous stone, on the other hand, 
may be first moistened sufficicm^^ljto fill its pores, and then the surfaces 
of the particles dried by means of blotting paper. If this method is 
followed, the material should be in a similar condition when its voids 
are determined by the method given on page 165. The absolute 
specific gravity of the porous stone may be afterward found by drying in 
an oven and correcting for the moisture lost. 

The apparent specific gravity of sand or stone may be determined 
with an apparatus consisting of scales wing to \ ounce or to 5 grams, 
and a tall glass vessel with a reference <mrk, such as a cylinder or a 
pharmaci.st^s graduate. The method is as follows: 

Make a mark at any convenient place on the neck of the vessel; 

Fill the vessel with water at a temperature of 68° Fahr. (20° Cent.) up 
to this mark; 

Take a known weight in grams or ounces of the material; 

Pour material into vessel carefully, a few grains at a time, so that no 
bubbles of air are carried in with it; 

Pour out the clear water displaced by the material (leaving water in the 
vessel up to the level of the mark), and weigh the water poured out. 
Let 

5 = Weight of material placed in vessel. 

PF= Weight of water displaced. 

Then ^ 

Specific gravity of material =— (i) 
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It is essential that the weight of water displaced be weighed to within 
±2%. If the scales are not sufficiently sensitive, more material must 
be taken and a larger vessel used. With balances sensitive to i gr. or 
oz. the displacement of more than 3 ounces of water is necessary. 

METHOD OF DETERMINING VOIDS 

The voids in sand, gravel, and broken stone may be obtained directly 
from the tables on pages 166 and 167. Special determinations may be 
made as described below. 

The percentage of voids in sand or fine broken stone cannot be accu- 
rately obtained by the ordinary method of placing in a measure and pour- 
ing in water, because it is physically impossible to drive out all the air. 
I'hcrc may be enough of this held to amount to 10% of the volume of the 
sand, and thus cause a corresponding error in the percentage of voids. 

The voids in coarse stone containing no particles under J-inch 
diameter may be determined by placing in a box or pail of known 
volume and pouring in water, but if the specific gravity is known, the 
method described below is simpler and more acc urate. 

The only apparatus required are scales of fair accuracy and an exact 
measure which contains not less than J cu. ft. If a cubic foot measure is 
not available a lo-c^uart jiail will answer the fiurpose, although com- 
pactness of the sand is less easily adjusted because of the small 
diameter. Such a pail holds slightly over J cu. ft. and the exact measure 
is determined by weighing the pail, pouring in 31 lb. 2 oz. of water, and 
marking the level of the surface. The i)ail uj) to this mark contains 
J cu. ft. of any material. 

The method of determining the voids is as follows: 

Weigh the measure; 

Fill the measure to the required level with the material in the state in 
which the percentage of voids is required, that is, loose, shaken, or 
packed; 

Weigh, and deduct the weight of the measure, calling the net weight of a 
cubic foot of the material, S\ 

If the material consists of, or contains, sand or fine stone, correct for 
moisture by taking an exact weight, — about 10 lb., — drying in an 
oven at a temperature of at least 212° Fahr. (100® Cent.) until there 
is no further loss in weight, and after calculating the percentage of 
moisture in terms of the weight of the original moist sand or stone, 
express the percentage as a decimal, p. 
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Select the weight of a cubic foot of absolutely solid rock* from the 
table on page 163, and call it R, 


Per cent of absolute voids 


(■ 


s-sp\ 

R ) 


TOO 


( 3 ) 


The air voids arc flctermined, if desired, by deducting the volume of 
moisture (its weight divided by the weight of one cubic foot of water) 


Percentages oj Voids Corresponding to Different Weights per Cubic Foot of Sand, 
Gravel j and Broken Stofie Containing Various Percentages 
of Moisture. {See p. i6S.) 
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j .4 

1 

106 

35.8 

37-0 

38.3 

39.6 

40.9 

-7 

«7 

47-3 

4«.3 

49.4 

504 

[ 5-5 

1.4 

7 07 

108 

35.2 

34.6 

3^^4 

. 35-9 

37-7 

37-2 

39.0 

38.5 

40.3 

39-7 

1 -7 
-7 

88 

8g 

go 

46.7 

46.1 

45-5 

47-7 

47.1 

4^’-5 

4S.8 

4S.2 

47 -^’ 

49-9 

49-3 

48.7 

50-9 

504 

49.8 

T.l 

1.4 

14 

1 CX> 

1 10 

33-9 

33-3 

35-3 

31-7 

.^6.6 

.^6.0 

37-9 

37-3 

.'^9.2 

.58.7 

I. 7 

J. 8 

9 ^ 

n.H 

45-9 

47-0 

48.2 

49.2 

-5 

115 

30-3 

3-7 

33 - r 

34.5 

35-9 

r .8 

02 

44.2 

454 

4 <i -5 

47.6 

48.7 ; 

-5 

J20 

27-3 

2S.7 

30.2 

3-6 

33 -T 

1.9 

93 

43 -<> 

44-8 

15-9 

1 47.0 

48. t ; 

! 

-5 

12S ! 

24.2 

25.8 

27-3 

2S.8 

30-3 

2.0 

94 

95 

1 43-0 

1 42.^ 

44.2 

43-6 

4 S -3 

44.7 

4^>-5 
45-9 i 

17.6 

1 47.0 i 

-5 

-5 

J30 ! 

1 

21.2 , 
1 

22.8 

24.4 

25-9 

27.5 

2.1 

06 

41.8 

43*0 

44.1 

45.3 1 

j 4^>4 1 

-5 

135 j 

.8.21 

19.8 

2 1 .4 ^ 

23.1 

24.7 

2.2 

97 

41.2 

42.4 

1 

43 

M -7 

45-9 i 

1 

140 

I 

15-2 1 

16.S 

1S.5 

20.2 

2 L .9 

2.2 


♦The weight ixt cubic fool of a solid ihc sjxjcific gravity of the rock multiplied by the weight of a 
cubic foot of water. 

tAl->o applicable to broken sloncM sue h as gninitc. conglomerate, and limestone, whose; specific gravity 
averages from 2.6 to 2.7. Table Is based on sijcc’ific gravity of 2.O5. 

t’rhc per cent, of absolute voids given in the columns include the siKice oc(upic*l by both the air and 
the moisture. To determine the jxir cent, of air sfxicc, multiply the figure in the la.st column, opposite 
the weight of .sand under consideration, by the ixjr cent, of moisture by weight, ami ileduct result from the 
per cent, already found. 
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in a unit volume of the sand or stone, from the total voids. Expressed 
in percentages with notation same as above, 

Sp 

Per cent, of air voids = Per cent, of absolute voids loo (4) 

62.3 

Example, — Given a sand whose loose weight per cubic foot is found 
to be 92 lb. and its moisture 3% by weight. Find the percentage of voids 
in the loose sand. 

Solution by jormiila. — Since from the example 5 = 92 and p = 0.03, 
and, from table on page 163, /l — 165, 


Percentage of absolute voids 


ids = 




^ 45 - 9 % 

This percentage includes the space occupied by the moisture. The net 
percentage of voids occu]iicd by air alone is the difference between the 
absolute voids and the percentage of moisture by volume. Moisture is 
2 

92 X 0.03 = 2.76 lb., or = 0.044 cu. ft., corresponding to 4.4^/(; voids 
62.3 

by volume, hence air voids are 45.9% — 4-4% 4i'5%‘ 


Percentages oj Voids Corresponding to Different Weights per Cubic Foot of Dry 
Broken Stone oj Various Spedfic Gravities. {See p. 


Weight 


PFk(’FMA<.rS OF ABSOT rn 

• VOIDS f OKRhSPONDlNO HI 


of 


s 

PI ( IHr i.KAMl 

IKS (» sroNi 01 

!• 


one ni ft. of 







dry broken 



1 1 




htonc. 

2.4* 

1 -• s; 

2 ^ 1 % 1 

28 

1 2 o5 


% 

07 

/o 

% 

% 

% 

% 

70 

53-2 

55-0 

56.8 

5^-4 

59.9 

6r.3 

75 

49 .S 

51,8 

5.4-7 

55.4 

57-0 

5«-5 

80 

4<>-S 

4«.6 


524 

54.1 

55-7 

8 s 

43-2 

45-4 

47-5 

49-5 

51-3 

53-0 

90 

39 

42.2 

•44-5 


48.4 

50.2 

95 

36.5 

39-0 

41.4 

43-5 

45-5 

474 

TOO 

33-1 

35-8 

3«-3 

40.6 

42.7 

44.7 

105 

29.8 

32.6 

35-2 

37-^^ 

39.« 

41.9 

TIO 

26.4 

29.4 

32.1 

34-6 

3f>-9 

39.1 

“5 

23.1 

26.2 

29.0 

31.6 

34.1 

3^>4 

120 

jq .8 

23.0 

25-9 

28.7 

31.2 

33*6 

125 

16.4 

19.8 

22.8 

25-7 

28.3 

30.8 

130 

I3-Jf 

16.6 

19.8 

22.7 

25-5 

28.1 

135 

9-7 

13-3 

16.7 

T9.7 

22.6 

25*3 

140 

6.4 

10. 1 

13-6 

16.8 

19.7 

22.5 


Note. — Average specific gravity of bituminous coal tinkers may be taken as 1.5. 
^Sandstone. and slates. 

fLimestone and conglomerates. {Trap. 
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Solution by table (j). i66.) — Opposite 92 lb. per cu. ft,, interpolating 
between 2% and 4% moisture, is 46.0% of absolute voids.. From last 
column 3% by weight corresponds to 3% x 1.5 =» 4.5% by volume, 
46.0% — 4.5% = 41-5% air void's. 

Tables of Voids. l‘>om the tables on pages 166 and 167, the voids 
in sand, gravel, and broken stone may thus be determined simply by 
weighing the material and finding the percentage of moisture contained in 
it, as above described. Since the percentage of moisture by volume is 
always greater than its percentage by weight, and the two are not pro- 
portional to each other, the final column is inserted in the first table 
for convenience in calculating the moisture by volume. 

VOIDS AND DENSITY OF MIXTURES OF DIFFERENT 
SIZED MATERIALS 

The term density as applied to mortar is defined on page 135. Similarly, 
in a dry material, such as a concrete aggregate, it is rejircscnted l)y the 
total volume of the solid particles entering into a unit volume of the aggre- 
gate. In dry materials the density is the complement of the voids, since a 
material which has, say, 40*^ voids will have a density of 0.60; but density 
is a more correct term to use than voids because it is a])plicable to con- 
cretes and mortars in which connection the term voids is somewhat 
ambiguous. , 'fhe example on page 138a illustrates the method of de- 
termining the density of a concrete or mortar. 

The densities of dry aggregates of uniform specific gravity, or of mixtures 
in uniform jiroportionsof materials with different specific gravities, are in 
direct proportion to their weights. For example, the densities of different 
dry sands may be compared by weight; or the densities of dilTercnt mix- 
tures of sand and broken tra].i in proportions, say, 2 jiarts sand to 4 parts 
trap may be comiiarcd by weight; but the density of sand and the density 
of trap screenings cannot be compared by weights unless the differing 
specific gravities are taken info account. 

In the folloAving discussion of the laws formulated on page t6o, both the 
terms density and voids are used in relation to the dry materials. 

Voids in Masses of Similar Sized Particles, (j) The fact that the 
percentage of voids in a mass of ecjual spheres symmetrically piled in the 
theoretically most compact manner is independent of the actual diameter 
is simply a geometrical proposilicn, evident without demonstration by in- 
spection of Fig. 58. 

In actual experiment it has been found that while the percentage of 
voids is uniform regardless of the size of the spheres, it is impossible to 
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pour spheres into a measure so that they will arrange themselves sym- 
metrically, and the rather astonishing result has been reached by Mr, 
Fuller (see p. 185) that 44% is the smallest percentage of voids which can 
be obtained with equal perfect spheres, no matter what may be their 
actual diameters or the size of the receptacle. 

The following simple demonstration,* which is of theoretical interest, 
proves that the percentage of voids in a mass of equal spheres symmetri- 
cally piled in the most compact manner is 26%, and that the radii (and 
consequently the diameters) of the two next smaller spheres which can 



be inscribed between the larger ones are respectively 0.41 and 0.22 of 
the radius of the large spheres. 

The circles in Fig. 58 represent a horizontal plan of two layers of spheres. 
The centers Aj Dj form a regular tetrahedron. 

Let edge be 2. 

Altitude ~ difference between level of centers A, B, C, and level of 

centers D, E is — \/^ 

3 

Let number of spheres in a layer be m, number of layers n. 

♦For which the authors are indebted to Dr. Harry W. 'I^lcr, 


ryo 


A TREATISE ON CONCRETE 


Volume of one sphere is 

3 

Volume of spheres in a layer, 

3 

Volume of all spheres, ^ (approx.) = 

3 

Cross-section of including space is 2 x/J" m (approx.) 

2 

Volume of including s])ace is 2 V3 Vo » (approx.) 

3 

= 4 \/T fn n (approx.) = 

Ratio — 4 m n y ^ 0.74 (approx.) corresponding to 

V2 3X4 n V2 3 V2 
about 26% voids. 

Inscribed Spheres. 

T. Sphere inscribed between spheres Aj and Dj*. 

Distance from any vertex Aj of tetrahedron to center is J \/Z' 

Radius of small sphere — i v^6 — i = 0.22 (approx.) or about - * of 
the radius of the large spheres. 

2. Sphere inscribed between A.j Bj and Dg E^: 

Distance from A, to K, is 2\/2 

IV 

Radius of small sphere ^ V2 — i 0.41 (approx.) or about of 

the radius of the large spheres. 

(2) The proposition that if a dry material such as sand, pebbles, or 
irregular Vjroken stone, having grains of fairly uniform shapes, be separated 
by screens into grains of uniform dimensions, the separated sizes will con- 
tain approximately ecjual percentages of voids, is not so self-evident, but 
experiment proves that in portions of the same material screened to 
uniform sizes the percentages of voids will be substantially alike until 
very fine sizes are reached, such as will pass a No. 74 sieve; below this 
degree of fineness the particles are entangled by air. The authors have 
found by experiments given in the following table, that different lots of 
broken stone from the same quarry', each screened to uniform size, will 
contain substantially the same percentages of voids, but that lots of stone 
from different ejuarries screened to the same size may differ because of 
the structure of the rock. Published records usually show slight 
variations in the weight per cubic foot of different sized broken stone, 
but it is noticeable that some authorities give the heaviest weight, 
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which corresponds to the smallest percentage of voids, for the larger sizes, 
while others give the reverse. For example, Patton’s Civil Engineering 
gives the smallest percentage of voids in the coarsest broken stone, while 
Butler’s Portland Cement gives the smallest i)ercentagc in the finest 
stone. The variation in results is undoubtedly due to differences in 
methods of compacting and to the variations in the sisces of the stones of 
each lot. 

Experiments by Mr. Fcret in France, and Mr. Thomas F. Richardson 
in the United States, show that the percentages of voids in absolutely dry 
sand which has been screened to uniform size are almost identical. M r. Fcret, 
experimenting by shoveling dry sand loosely into a 50 liter (i.S cu. ft.) 
box, — a measure large enough to eliminate errors of ]ilacing, — found 
that fine (F) medium (M) and coarse ((]) .sands each contained about 50% 


Voids <ntd Compression of Broken Trap and CraveK {See p, 170.) 
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voids, while mixing the sizes, which arc defined on page 142, in the best 
proportions reduced the voids to 34%- 
Densest Mixture of Sand and Stone. (3) The fact that the den.se.si 
mixture occurs with particles of different .sizes is so evident as to require 
no proof, and this being recognized, it follows that the least den.sjty 
and hence the largest percentage of voids occurs when the grains are 
all of the same size. The converse of this proposition, that the smalle.st 
percentage of voids occurs in a mixture graded so that the voids of 
each size are filled with the large.st particles which will enter them, is 

♦Mixed in proportions 44.4% No. a, ‘^3.3% No. 3, and 22.2% No. 4 (dust)- 
tAnother gravel tested, compressed, 8.5% on shaking, and 11.2% on hard ramming. 
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illustrated in Figs. 59, 60, and 61, and is important in its application to 
the selection of materials for concrete. 

(4) The fact that an aggregate consi.sting of a mixture of stones and 
sand has greater density, that is, contains fewer voids than the sand .alone, 



Fig, 59, — Large Stones with Voids filled with Sand, (See 172.) 



Fig. 60. —Large Stones with Voids filled with small Stones and Sand, (See p. 172.) 

is illustrated by comparison of Figs. 59 and 61. The voids of the large 
stone in Fig. 59 are filled with sand, while the voids in the same large 
stone in Fig. 61 are filled with mixed sand and stone, and the mass of the 
mixture is evidently denser, that is, it contains more solid material. This 
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law relates directly to the difference between mortar and concrete. The 
substitution of stones for small masses of sand reducev*^ the voids and con- 
sequently the quantity of cement required. Extending; the principle to 
the fixing of proportions of sand arid stone, it is evident that for maximum 



Fig, 6i. — Large Stones, with Voids filled with medium sized Slones surrounded by 
smaller Stones and Sand so as to give Graded Mixture. (See p. 172,) 


economy and equal strength there sltould be used the largest possible 
quantity of stone in proportion to the sand, the slrenglh of com rete being 
often actually increased simply by substituting more stone for a y)ortion 
of the sand. In the following table this is illustrated by tests selected 
from Mr. Fuller’s 6-inch beam experiments, which are given in full on 
page 376. 


Relation of Strength of Concrete to Relative Proport wfis of Sand 
and Stone. (See p. 17,^) 


Proportions l>y weight of 
cement to tot^ 
aggregate. 

i: 6 
i: 6 

1:6 

i: 6 
i: 6 


Proportions by weight of 
cement to sam! and 
broken stone. 

1:1:5 
i: 2:4 
1:3:3 
1:4:2 

i: 6:0 


Mtxlulus of Rupture 
lb. per sq. in. 

504 

439 

355 

210 

93 


The total amount of aggregate in each case is the same, namely, one part 
cement to 6 parts sand and stone, but the strength varies with the relative 
proportions of each, from 93 lb. to 504 lb. 

(5) The discussion of Fuller’s experiments on the relation of the best 
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practical mixture of sizes to a parabolic curve is given in Chapter XI, 
page 201. 

Effect of Shape of Grain. (6) l‘he fact that round grains, such as 
gravel, contain fewer voids than material with angular grains, such as 
broken stone, even if the particles in both are the same size, is prbved 
from experiments in America and France. Mr. Allen Hazen stales* that 
round grained water-worn sands have from 2% to 5% less voids than 
corresponding sliarp grains of sand. Mr. Feretf also has studied the 
elTect of the sha|)C of the grain upon the density of sand, using in each 
case an artific ial mixture of three sizes, with the following results: 


Ejjert 0} Ch iructer o} Sand Grains upon the Volume of the Sand, {See p. 174.) 

By R. Ffkkt. 


N.ilurc of Siinil 


QuarUik* rrushed in jaw oruslirr, 

Crushfd shells 

Ciround fiuarl/ite 

Natural granitic sand 


jShaiXM>f drains 


i 

' Laminated 
I Hat 

; Angular 
j Roundc'd 


Accual solid volume ix:r 
1 liter of siiiid 

Not 'shaken, Shaken to 
t liter refusal, lit«T 


0-525 oA ‘)4 

I 0.557 

0.5 0.7 jf) 

I 0.651 0.744 


The voids in each case are the comydemen^s of the figures given. 

The conclusion to he drawn is that the real \olume increases (and 
therefore the voids decrease) as the sand ap])roaches the round form. 

When experimenting u])on gravels and broken stone Mr. Feretf sepa- 
rated each into three sizes whicli lie called respectively: 

G (coarse) passing holes of 6 cm. (2.36 in.) diameter and retained by 
holes of 4 cm. (1.57 in.) diameter; 

M (medium) passing holes of 4 cm. (1.57 in.) diameter and retained 
by holes of 2 cm. (0.79 in.) diameter; 

F (fine) passing holes of 2 cm. (0.79 in.) diameter and retained by holes 
of I cm. (0.39 in.) diameter. 

Each size of broken stone loosely measured gave about 52% voids, and 
each size of gravel about 40% voids. The voids in the broken stone were 
reduced to 47%, the lo\vest result obtainable, by mixing G and F in about 

♦Twenty-fourth Annual Report, Massachusetts State Board of Health, 1892. 

■fAnnales dos Ponts et Chauss^es, 1892, 11 , p. 32. 
tAnnales des Foots et Chaussees, 1892, 11 , p. 153. 
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equal parts with no M, and in the gravel to 34% with about 3J parts of 
G to one part of F. These figures are of course directly applicable only 





Fig. 62. — Standani Ottawa Sand, dry.* Fio. 63, — Standard Ottawa Sami with 
No. 20 to No. 30 Sieves. {^See p. 175.) 6% moisture.* No. 20 to No. 30 Sieves. 

(Seep.ijs.) 



Fig, 64. — Natural Bank Sand,* No. 20 Fio. 65. — Crushed Quartz.* No. 20 to 
to No. 30 Sieves. (See p, T75) No. 30 Sieves. (Sec p. 175.) 


to the special materials which he studied, and do not apply to gravel (jr 
stone containing sand or dust. 

Photographs of Sand. Photographs of three types of sand are shown 
in Figs. 62 to 65. Figures 62 and 63 are photographs of the Ottawa, 

♦Each sand has passed a No. ao and been retained on a No. 30 sieve. Magnified loj 
diameters. 
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Illinois, bank sand screened to the size selected for the standard sand 
by the* Committee of the American Society of Civil Engineers. They 
illustrate the effect of moisture upon the arrangement of the sand grains, 
which is more fully described below. Fig. 64 is an ordinary bank sand 
from Eastern Massachusetts which has passed through and been re- 
tained by the same screens as the Ottawa sand. Fig. 65 is a sample 
of crushed quartz sand, formerly the standarcl in the United States. 
The sands are all reduced by the same number of diameters. The 
Ottawa sand, Figs. 62 and 63, is apparently of finer grain than either 
the bank sand or the crushed quartz, but close inspection will show that 
its grains, very uniform in size, arc of about the same diameter as the 
smallest grains in the other .sands. ‘ In other words, all the grains cor- 
respond very closely to a No. 30 sieve, the lot of sand from which it 
was screened containing no larger particles. 

Effect of Moisture on Sand and Screenings. (7) Moist sand occupies more 
space and weighs less per cubic foot than dry sand. This is directly con- 
trary to what one would naturally suppose. Indeed, it is almost incredible 
that the addition of water can reduce the weight of any material. The 
statement is readily jiroved, however, by shoveling a small quantity of 
natural sand as it comes from the bank with, say, 3% or of moisture into 

a measure and drying it. The sand will settle, leaving the surface much 
below the level of the top of the measure. The explanation of this apparent 
anomaly lies in the fact that a film of water coals each i)artirlc of sand and 
separates it by surface tension from the grains surrounding it. This is 
illustrated in Figs. 62 and 63, page 175, the grains of the moist sand 
being separated from each other by the film of water. Fine sand, having 
a larger number of grains, and consequently more surface area, is more 
increased in bulk by the addition of water than coarse sand. The 
volume of coarse broken stone and gAivel is but slightly, if at all, 
changed by moisture, while small broken stone composed largely of 
particles of less than ^-inch diameter is affected like sand. 

If a small quantity of water is poured into a vessel containing dry sand, 
the bulk is not increased because of the inertia of the particles, but if the 
sand after moistening is dumped out and then turned back into the vessel 
with a shovel or trowel, its bulk will be increased. On the same principle, 
a sand bank does not swell in bulk during a shower, but the effect of the 
moisture is shown in the excavated material as soon as it is loosened with 
the shovel, and therefore its loose measurement for concrete or mortal 
is effected. 
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The diagram in Fig. 66, plotted by Mr. Fuller* from ex[)eriments 
upon a single sample of natural sand mixed by weight with varying per- 
centages of water, illustrates the effects of moisture ujx)n the actual percent- 
ages of voids in sands loose and tamped. The volumes produced by varying 
degrees of compacting arc located between the two curves. It is noticeable 
that both the loose and tam[)cd sand increase in volume with the addition 
of water and reach a maximum with about 6^>'J, of water, then decrease, and 
finally, when saturated, return to slightly less than their original dry 
Inilk. The same sand, it is seen, may contain from 27% to 44% of absolute 
voids, according to the [XTcentage of water and the degree of comj)acting. 

The percentage of water by 
r j I r —1 - ' — I 46 weiglit which will give the 

rvi — _ - - 44 greatest bulk, — corresponding, 

. 'K > _ -42 course, to the largest per- 

A\ ; ! i > centage of absolute voids, — 

i ; -y -- 40 o* varies with different sands from 

/- •! [ - T '•[ -{ - ssp 5% to 8%. 

1 ,' i - - /i . ' . i . \ > The actual variation on dif- 

' ' f / j j' ! i ! I \ g ferent days in the ])crcentagc 

; j I ! I i ' I of moisture in a ludural bank 

i' I ' ' ' I I i ' g sand was found by the authors, 

1 i , j ' ’ ^ . 

j -‘1 ' - : i ' 30 < n scries of ex})enmcnts, to 

___ I 28^ range from Ti%lo of the 

' h)tal wta'ght, or from 2j% to 

1. . „ 26 yjr/ moist 

0 2- 4'“ 6 -“8-10 12 14" 16 screened 

PERCENTAGE, (by WEIGHT) OF WATER TO SAND WHEN DKY frOlU U grUVCl bauk ill KaStCm 

Fk;. 66. — Pcrirniagf* of Absoliuc Voids in a Massachusetts, ranged in 
Natural Hank Sand containing Varying IVr- 

centagos of Moisture, (to /;. 177O coarseness from very fine to 

that whic'h would pass a J-inch 
mesh screen. The moist sample was taken from the pile the day after a 
shower, and weighed 84J lb. jier cubic foot, while the dryer sample, taken 
after a period of dry weather, weighed 107 11). per cuinc foot. 

A sam])le of very fine sand which had been standing in a pile through 
the same shower (ontaiiied gj% of moisture by weight, corre.sponding to 
13% by volume. Ordinary gravel, on the other hand, from w'hich the 
sand had been .screened, was found after a heavy rain to contain only 1.8% 
of moi.sture by weight, this being apparently the maximum quantity which 
it would hold. 

'^Engineering News, July 31, 1902, p. 81. 
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The maker of concrete is especially interested in the influence of moisture 
upon the bulk of sand and upon its voids (i) because of its effect upon the 
actual measurement of sand used in construction work, and (2) because 
of its effect upon his experimental determinations of proportions. 

Rather incomydete cxj>erimcnts of the authors tend to show that the 
actual effect of moisture uy)on the volume of sand used in concrete and 
mortar may often be less than would naturally be inferred from the various 
cxjjerimcnts citetl, and deyjends largely uy)on the processes of handling the 
sand. For cxamjde, fairly dry sand (3% moisture) shoveled by laborers 
from the ])ilc into the regular sand-measuring box weighed 454 lb., while 
after a rain, the sand (with 5% moisture) shoveled from the pile into the 
same box weighed 464 lb., that is, the moist sand was slightly heavier than 
the dry. Further handling reversed these relations, for on weighing these 
two sands in a half culdc foot measure, the moist sand, as we should ex-i 
y;cct, was ligliter than the dry. 

The cxi)lanation of tliis ay)y:)arent discrcymncy is undoubtedly due to the 
fa('t that as tlie rain which affected the moisture occurred after the .sand 
had l)ecn excavated and ydled near the mixing platform, its bulk, as 
suggested on i:)age 176, was not affected. The laborers handling the 
moist .sand took large .shovelfuls and the arrangement of the grains was 
not greatly disturbed. If the sand had been excavated after the rain, 
the handling with shovels and duniydng from the cart yjrobably would 
have rearranged the grains so that the moist sand would have weighed 
less than the dry in the large measure as well as in the small box, 

Mr. Feret* calls attention to the fact that mortars of nominally the same 
y^roportions are richer in winter than in summer because of the greater 
amount of moisture in the sand, which, by increasing its bulk, reduces the 
absolute volume of the grains in a unit of measure. (Jn the other hand, 
mortars are leaner in dry than in damyj weather because the sand has 
greater density wlicn dry. 

In the cxyxM'imental study of sand for determining the i)roy^ortions of 
cemelil to be used, the effect of moisture is exceedingly imj)orlant. 
The voids in absolutely dry sand arc certainly no crilcricm of its qualities 
for mortar, while a moist sand will give entirel)' different results on differ- 
ent day.s. The best that can be done, if the study can be pursued no 
further than void determination, is to select conditions as near as possible 

the average, and after determining the voids, considered as air alone and 
sdsp as space occupied by the air and moisture, to use the results as a basis 
for judgment, bearing in mind that the volume of y)aste made from 100 lb. 

Mnnalcb des Ponts ct Chauss^eb, 189Z, II, p. 26. 
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of neat Portland cement, while varying largely with different brands, 
averages about 0.86 cubic feet, and that the volume of the additional water 
required for the sand (see pages 146 and 221) actually occupies space in 
the resulting mortar. 

The most important conclusion to be drawn from the extreme variation 
in the same sand under different conditions is the impossibility of attaining 
results by the usual void experiments upon sand alone, which will be of 
accurate value in the consideration of mortar and concrete, and the prac- 
ticil necessity of employing methods such as are described by the authors 
in Chapter IX, page 1.^8, or by IMr. Fuller in Chapter XT. 

In the preceding paragraphs we have referred chiefly to the variation 

in the condition of the same Scind. 
I'he importance of studying mortars 
rather tluin the sand alone is still 
further emphasized by the varying 
effect of moisture upon sands of dif- 
ferent sizes. This is brought out very 
clearly in Mr. Ferel’s ])apcr.* In 
.studying the normal consistency of 
mortars he finds that not only every 
cement but also every sancl has a 
definite percentage of water nccc.ssary 
to bring it to what may be c'alled 
normal consistency. This he illus- 
trates in the triangle shown in Fig. 67 
(constructed as describefl on ])age 
143), giving the proportions of water (by weight) re(|uired ’ for ground 
(juartz sands of all granulometric composition.” It is evident from the 
diagram that coarse sands, '|' G, require 3% lu' weight of water, medium 
sands,' M, 9%, and fine sands, F, 23%, while mixtures of the three sizes 
require intermediate percentages. 

Compacting of Broken Stone and Gravel. Since concrete is usually 
compacted by ramming or lubrication of semi-liquid mortar, the 
density or the percentage of voids in compacted material is an important 
function. The statement has been made frequently that the aggregate 
compacts more when rammed in concrete than when rammed dry or merely 
moistened with water, becau.se the mortar acts as a lubricant. Experi- 
ments by the authors indicate that broken stone under the same ram- 

^Aiinalrs des Fonts et Chaussces, 189Z, II. 

tTfae sizes of screens defining coarse, medium, and fine sands are given. on page 142. 
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ming will compress on the average i% more when it is moistened than 
when dry, and that an amount of mortar sufficient to lubricate without 
filling the voids produces no further reduction in volume. For example, 
a volume of ])rokeri stone mixed with 20% of mortar and rammed in 
6-inch layers produced a volume exactly equal to that of the rammed 
broken stone whicli had been merely moistened. 

Further cx])eriments, partially outlined in the table on page 17 1, upon 
gravel and also up<m varying sizes and mixtures of trap rock from two 
quarries, the one ])roducing a soft and the other an exceedingly hard stone, 
lead to the conchision that with stones of the same general structure, the 
percentage of reduction in volume by similar ramming in 6-inch layers is 
(|uite uniform, irrespective of the actual sizes of the particles, their 
relative sizes, the j)ercenlage of voids, and, within certain limits, the 
degree of hardness. On the otlicr hand, the method of ramming the 
same stone will very largely alTect the amount of compacting. Broken 
stone of the nature of tra[), whether hard or soft, was found to compact 
when spread in 6-inch layers alxmt t.|%. either under light ramming or 
sliaking tlie measure, and about 2r% under heavy ramming. In actual 
coiKTete work tliis large reduction of volume is of course seldom reached, 
])ecause imperfect mixing and the necessary coaling of the jxirticles require 
a larger percentage of mortar than will just fill the voids of the rammed 
stone, and the bulk of concrete is usually greater than that of the original 
stone. 

Screened gravel spread in 6-inch layers and unconfined, compacted about 
12^ under either light or heavy ramming. 

I'll esc j^cnentages of compacting are based upon the loose meas- 
urement of the material as thrown by a laborer into a barrel or box 
measure. Rehandling a material like broken stone as it comes from the 
crusher tends to mix particles of unequal size and therefore to compact it 
very slightly. In one case a screened stone fresh from the crusher 
compacted i^/o when rehandled once, Jind an additional 1% when re- 
handled the second time. 

It is interesting to note that the method of shoveling broken stone into 
a measure has but slight elTect upon its shrinkage; for example, a lot of 
stone thrown with force into an inclined barrel occupied a space scarcely 
appreciably less than when very carefully and lightly placed. On the 
other hand, dropping from a considerable height does affect the volume, 
for Mr. Desmond Fitzgerald* states that broken stone dropped 12 feet into 
a car shrank to a volume 7% less than when it was measured in a box. 

♦Transactions American Society of Civil Engineers, Vol. XXXI, p. 303. 
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Sand, unlike stone, is largely affected by the manner of shoveling and the 
size of the receptacle. 

Compacting of Sand. The degree of compacting of sand is largely 
dependent upon the percentage of moisture which it contains. The dry 
sand shown in diagram in Fig. 66, page 177, when thoroughly tamped 
compacted from 34% to 27% voids or q.6% in volume,* the sand with 6% 
moisture from 44% to 3 1% voids or 18.8% in volume, and the saturated 
sand from 33% to 26 i% voids or 8.8% in volume. 

Attention is called by .Mr. Fcrct to the fact that the measurement of the 
weight of a given sand depends not only upon the quantity of moisture in 
it, but also upon the depth of the box which is used for the measure, the 
quantity of sand introduced at a lime, — lliat is, tlie size of a shovelful, — 
the height from which it falls, the amount of shaking, if any, given to the 
box during filling, the amount of compacting given to the mass when leveling 
it off, and the smoothness of the surface left. As an illustration of the 
difference due to the method of placing in the measure, the authors fouml 
that a certain coarse sand shoveled into a pail about as a laborer would Till 
a measure weiglied 88.0 11). j)er cubic foot, while the same sand carefully 
poured into llie pail weighed 83.3 lb. per cubic foot. 

DEFINING COARSENESS OF SAND BY ITS UNIFORMITY 
COEFFICIENT 

I'he size of a .sand may be indicated by what is termed its uniformity 
coefficient. This gives an idea of the actual variation in the size of the 
particles, and thus affords a means for com})aring sands in ililTerent hn ali- 
ties. A sand which is termed coarse in one section of the country is often 
considered fine in another. 

To find the uniformity coefficient of a sand, screen it into at least 
five sizes, determine the percentage by weight of each size, and plot 
the mechanical analy.si.s curve as described on j)age 196, and illustrated 
in Fig. 72, page 200. Then divide the diameter of the particles repre- 
sented by the point at whi('h the curve of the sand (:ros.scs the 60% 
horizontal line by the diameter of the particles where the curve crosses 
the 10% line. The quotient is the uniformity coefficient. 

As an illustration of the value of the uniformity c'oefTicicnt (u. c.) for 
different sands, reference may be made to the three mechanical analysis 
curves in Fig. 72, page 200. * The curve of the coarse .sand crosses the 

O 1 O 27 

♦Ratio of compacting ~ j ^ o 27 ” 
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horizontal 6o% line at the ordinate corresponding to a diameter of 
0.117 inch, and the 10% horizontal line at ordinate 0.023 inch. Its 
uniformity coedicient aivl similarly the uniformity* coefficients of the 
other sands are as follows: 

Uniformity 
' ('oc'flicient 

1 0.117 

(.oarsr .sand 5.1 

0.023 

Medium sand « 4,2 

0.009 

T.. , 0.018 

Fine sarul - — 2.2 

o ooiS 

Tn general, it may ])e said that a .sand with a uniformity coefficient 
above 4.5 is a good coarse sand for concrete work, and in comparing 
(JilTercnt natural sands the one having the highest uniformity coefficient 
may be considered tlie best. 

As in ordinary bank sands tlie size of the particles at the 10% line 
(whic'h is termed the elVective size,* e. s.) does not greatly vary, the 
diameter at the 60% line alone is a very good indication of the coarse- 
ness of the sand, A knowledge of the effective size and the uniformity 
coefficient of any sjind enables one accustomed to mechanical analysis 
diagrams to form a ])icturo of its character. 

Mr. Allen llazen f who first used lhe.se terms in the c-xamination of 
filter sand, states witli reference to the percentage of voids or “open 
space” in comjiacted sand corresponding to dilTcrcnt coefficients: 

A rough estimate of the open space can he made fronri the uniformity 
coefficient. Sliarp-graincd materials having uniformity coefficients below 
2 liave nearly 45 j)cr cent, ojicn space as ordinarily })ackcd; and sands 
hnving coefficients below 3, as they cx'cur in the banks or artificially 
settled in water, will usually have 40 per cent. o|)en .space. With, more 
mixed materials ilie c'losencss of jiacking increases, until, with a uni- 
formity coefficient of 6 to 8, only 30 per cent. o])cn sjiace is obtained, 
and with extremely high coefficients almost no open space is left. 

For loose sand at least 10 should be added to these percentage 
values. 

♦ The effective si/e itself is of consifferable value for comparison of sand for filters, but not 
for concrete. 

-j- Twenty-fourth Annual Report of State Board of Health of Massachusetts for 1892. 
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CHAPTER XI 

PROPORTIONING CONCRETE 

By William B. Fullkr* 

IMPORTANCE OF PROPER PROPORTIONING 

The proper proportioning of concrete materials increases the strength 
obtainable from any given amount of cement, and also the water-tightness. 
Conversely, it permits, for a given reejuirement of strength and water-light- 
ness, a reduction in the amount of cement, thereby reducing the cost. 

Upon large or important structures it ])ays from an economic standpoint 
to make very thorough studies of the materials of the aggregates and their 
relative proportions. This fact has been seriously overlooked in the past, 
and thousands of dollars have sometimes been wasted on single jobs by 
neglecting laboratory studies or by ‘errors in theory. Sijice cement is 
always the most expensive ingredient, the reduction of its quantity, which 
may very frequently be made by adjusting the |)roporlions of the aggregate 
so as to use less cement and yet produce a concrete with the same density, 
strength and impermeability, is of the utmost imj)ortance. 

As an example of such saving, the ordinary mixture for water-tight con- 
crete is about 1:2: 4, which re([uircs 1.57 barrels of cement ])er cubic yard 
of concrete. By carefully grading the materials by methods of mechanical 
analysis the writer has obtained water-tight work with a mixture of about 
1:3: 7, thus u.sing only i.oi barrels of cement f)er cubic yard of concrete. 
This saving of 0.56 barrels is equivalent, with Portland cement at $1.60 
per barrel, to $0.89 per cubic yard of concrete. 'Fhe added cost of labor 
for proportioning and mixing the concrete because of the use of five grades 
of aggregate instead of two was about $0.15 per cubic yard, thus effecting a 
net saving of $0.74 per cubic yard. On a piece of work involving, say, 
20 000 cubic yards of concrete such a .saving would amount to S14 800.00, an 
amount well worth considerable .study and effort on the part of those in 
responsible charge. 

Proper proportioning is also imix)rtant for reinforced concrete .so as to 
give the uniformity and homogeneity which cannot be obtained without 
careful attention to the proportions and grading of the aggregates. 

* The authors are indebted to Mr. Fuller for the material for this chapter. 
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METHODS OF PROPORTIONING 

It IS recognized generally that for maximum strength a concrete should 
■be as dense as possible, that is, that it should have the smallest practicable 
percentage of voids. The various methods of aiming toward this result 
have been outlined as follows:* 

(1) Arbitrary selection; one arbitrary rule being to use half as much 
sand as stone, as 1 : 2 : 4 or i : 3 : 6; another, to use a volume of stone 
equivalent to the cement plus twice the volume of the sand, such as i : 2 : 5 
or I : 3 : 7. 

(2) Determination of voids in the stone and in the sand, and propor- 
tioning of materials so that the volume of sand is ecpiivalent to the volume 
of voids in the stone and the volume of cement slightly in excess of the voids 
in the sand. 

(3) Determination of the voids in the stone, and, after selecting the pro- 
portions of cement t(» sand by test or judgment, ])roportioning the mortar 
to the stone so that the volume of mortar will b(‘ slightly in excess of the 
voids in the stone. 

(4) Mixing the sand and stone and ])roviding such a ])roportion of cement 
that the paste will slightly more than fill the voids in tlie mixed aggregate. 

(5) Making trial mixtures of dry materials in diiTerent i)ro])ortions to 
determine the mixture giving the smallest ])er('entage of voids, and then 
adding an arbitrary j)er(\'ntage of cement, or else one based on the voids 
in the mixed aggregate. 

(6) Mixing the aggregate and cement according to a given mechanical 
analysis curve. 

(7) Making volumetric tests or trial mixtures of concrete with a given 
percentage of cement and ditTerent aggregates, and selecting the mixture 
producing the smallest volume of concrete; then varying the i)roportions 
■thus found, by inspection of the concrete in the field. 

'Uhe most ]>ractical method known to the writer for accurately determin- 
ing the pro|)ortions of each material is by mechanical analysis of the aggre- 
gates, as described on |)agc 21 1. 

Wilu'metric synthesis, or proportioning by trial mixtures (j). 210) is 
another method which is sometimes useful, and produces fairly scientific 
results. 

Since in many cases the i)roportions for a concrete must be selected more 
or less arbitrarily, after outlining the principles of j)roper proportioning, 
some of the less exact methods which arc frequently used in practice will be 

* From ** Proportioning Concrete,’* by Sanford E. Thompson, Journal Association Engineering 
Societies. Vol. XXXVI, Apr. 1906, p. i8c * 
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taken up before referring to the more scientific ones, and some of the causes 
for inaccuracies of these approximate methods discussed. 

PRINCIPLES OF PROPER PROPORTIONING 

The principles underlying the correct proportions of the materials of 
concrete arc the same as those for mortar, namely, that the mass when 
compacted shall have the greatest possible density. In order, therefore, to 
o!)iain a knowledge of correct proportioning it will be best to first study the 
general conditions which arc known to affect density. 

Perfect spheres of eijual size piled in the most compact manner theoreti- 
cally possible leave but 26% voids. If the spaces between such a pile of 
equal-sized perfect spheres were filled with other perfect spheres of diameter 
just suflicient to touch the larger spheres, it would take sjiheres having 
relative diameters of 0.414 and 0.222 of the larger spheres, and the voids 
in the total included mass would be reduced to 20%. Using in this same 
manner smaller and smaller perfect sjiheres, it is conceivable that the 
voids could be reduced to so low a per cent of the total mass and to a size 
so small as to be only in a capillary form, and thus prevent the passage of 
water. 'Phis is assuming that every particle is placed exactly in its assigned 
place, but it is inconceivable that such an arrangement should take place 
under j)ractical conditions, and in fact numerous trials by tbe writer with 
large masses of equal-sized marbles have demonstrated that they c annot be 
jioured or tamjied into a vessel so as to give less than 44% voids. 

If ecpial (piantities of sphere.s of, say, three sizes are mixed together, the 
per cent of voids in the total mass immediately increases, becoming about 
due probably to the smallc.st sj)heres getting between and forcing 
apart the largest. If, however, the containing vessel is continually shaken 
and the spheres stirred around, the smallest sj^heres will gradually all 
gravitate to the bottom and the largest to the top and the amount of voids 
in the total mass will again ai)proach 44^/^. If a large number of clifTerent 
sized spheres are used, employing an increasingly large number of the 
smaller sizes so that each larger size may be said to be wholly surrounded 
by the next smaller size, the voids remain the same, no matter what the 
shaking, and will in some cases reach as low as 2Y/Q, 

With ordinary stones and sands the same law holds as with perfect 
spheres except that they do not compact as closely, and the percentage 
of voids under comparable conditions is larger, varying with the degree of 
roughness and other features of the stones and sands used for the ex- 
periments. 

When dry cement is added to a dry aggregate of stone and sand it acts 
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iti' the same manner as fine sand, and for obtaining the greatest density 
with dry cement, the cement must replace an equivalent amount of fine sand. 

The theory of a concrete mixture is well stated by Mr. Feret* as follows: 

The problem of making the best concrete is thus reduced to the selec- 
tion of a mixture of materials whose granulometric coinpositionf corre- 
sponds to the maximum of density, since when this composition is known 
absolute volumes of cement may be substituted for equal absolute volumes 
of fine sand and vice versa, so as to vary the strength as desired while the 
density remains the same. 

In other words, having mixed dry, inert materials in proportions neces- 
sary for greatest density, a portion of the grains of the very finest aggregate 
(that is, the finest particles of sand or dust) may be replaced by a corre- 
sponding quantity of cement to the extent required for the desired strength. 
This is not stric tly true for concrete mixtures, l^ecausc, when water is added 
to dry cement, the cement particles are separated from each other by the 
surface tension of the film of water, and it is no longer ])ossible to obtain 
as dense a mixture as is theoretically jiossible with the dry mixture. 

The density of concrete therefore has been found to depend upon the 
varying degree of roughness of the stone and sand, the relative sizes of the 
diameters of the stone, sand and cement, and the amount of water used. 

The fineness of the cement i)articles and the amount of water to be used 
are determined by questions discussed elsewhere, and we have to deal here 
only with the proi)ortioning of the sand and stone. 

DETERMINATION OF THE PROPORTION OF CEMENT 

The most difiicult (question to decide with accuracy in proportioning is 
the j)roportion of cement to use. "rhis is to a considerable extent a matter 
of mature judgment, depending upon the nature of the construction, the 
degree of strength required within a certain limit of time, the required 
watertightness, the character of the aggregates, and many other matters 
which must be considered in direct connection with the work to be done 
and the available materials. An engineer experienced in concrete con- 
struction and tests can estimate ap})roximately the strength of concrete 
made with certain materials, and select the pro])ortions accordingly. The 
surest plan after selecting and grading the aggregates is to make up speci-- 
mens of concrete and test its crushing strength, but this is usually impracti- 
cable for lack of time. The next best plan is to have the tensile, strength 
determined of mortar made from the sand to be used and by comparing 

♦Chirnit' Appliqu^e 1897, p. 523. 

^Proportioning of sizes. ^ 



PROPORTIONING CONCRETE 


,87 


this with the strength of the mortar of standard sand an idea can be harmed 
of the proportion of cement to select. If a sand is fine, a richer mortar 
must be used, frequently instead of a i : 2 selecting a i : ij or even i • 1, 
and the amount of coarse aggregate also reduced to accord with this. 

An cxf)erimental plan which has been followed to determine the minimum 
quantity of cement which will produce a concrete practically free from air 
voids is to mix tbe aggregates in the correct proportions as described in the 
pages which follow, compact them by ramming or hard shaking, and then 
determine their voids by weighing and correcting for specific gravity.* The 
sand should be in the natural state of moisture found in the interior of the 
bank, not because this is the condition in which it will be mixed m the con- 
crete, but because it may be assumed in the natural stale to contain a 
quantity of moisture varying with its fineness. If gravel is used it may be 
taken in the same way, while coarse broken stone should be dry, and dry 
broken stone screenings may be mixed with about 4% of water by weight. 
Correction must be made for this moisture after weighing the mixed material, 
so that the voids calculated will be simply air voids. 

In determining the quantity of cement to fill these air voids it may be 
assumed without appreciable error that 100 lb. of cement will make t.o 
cu. ft. of neat paste. This is a larger volume than would result wilii ordi- 
nary plastic ]iaste, hut makes a slight allowance for tlie additional moisture 
required for the sand and stone. To the (juantity of cement thus deter- 
mined 10% may be added, i. e., jo% of the cement, not of the total mix- 
ture, to provide for imperfect mixing. 

PROPORTIONING BY ARBITRARY SELECTION OF VOLUMES 

The common custom of specifying arbitrarily the proportions of cement, 
sand and stone in parts by volume, while convenient in construction, causes 
wide discrepancies in results because of dilTcrent- methods of measuring the 
materials. A concrete called a i : 2 : 4 mixture by one man may not con- 
tain any more cement than a concrete termed a i : 3 : 6 mixture by another, t 

Notwithstanding this, if the units of measurement and the methods of 
measuring arc stated definitely, arbitrary selection of proportions may give 
good results in practice, although necessitating a larger quantity of cement 
with consequently a greater net cost than more scientific proportioning 
would require. ^ 

The percentage of volume of sand required for ordinary gravel or broken 

♦See page 165. 

fThese variations aie discussed more fully by the authors on page 118. 
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stone fronfi which the finest material has been screened may be taken between 
the limits of 40^'^; and bd/c with an average, which is suitable under many 
conditions, of If the cement is taken as additional, which is not 

strictly correct, this ratio corresponds to j)roportions i : 1^- : 3, 1:2:4, 
I \ 2\ : 5, and r : s : h, which arc suggested by the authors in Chapter II 
as standard mixtures for tlie use of those who are inexperienced in concrete 
work. 

In cases where the coarse material contains a gocxl many small particles, 
as does crusher run, broken stone or graded gravel, or the sand is so fine 
as to Ilow readdy into the voids of the stone, the proportion of sand should 
be slightly less than half the volume of stone. Since the cement also increases 
the bulk of mortar and hence assists to fill the voids in the stone, it is sug- 
gested that with such aggregates the volume of the stone be made equal to 
the c(‘ment plus twice the volume of the sand. This would give proy>or- 
tions i : I J : 4, I : 2 : 5, 1 : 2J : 6, and 1:3:7 for these special conditions. 

Proportions adopted by various authorities and tabulated on })age 212 
may serve* as a guide to arbitrary selection. 

It is a good plan on work which will not warrant special tests and for 
which there is no choice of aggregates, to use at first twice as much stone or 
gravel as sand and then vary the relative proportions of the sand to the 
stone as the work progresses, governing this by the way the concrete works 
into place. Too much sand will be indicated by the harsh working of the 
concrete, while if there is too little sand, stone pockets arc apt to occur on 
the surface of the concrete, and it will be difficult to fill the voids of the 
stone. 

Screened vs. Unscreened Gravel or Broken Stone. Unscreened gravel 
is often used alone for the aggregate, but there is scarcely any case where 
the <'ost of screening and re-mixing the materials will not be less than the 
saving in the cement by using screened aggregates. The quantity of sand 
in different parts of the same gravel bank always varies greatly and the run 
of the bank rarely contains sufficient coarse stone to make a dense concrete. 
If, as is sometimes the case, the quantity of material coarser than \ inch is 
about the same as that which ])a.sses a ^-inch sieve, then, if used without 
screening the same quantity t)f total aggregate must be used as would 
otherwise be s])ecified for the coarse aggregate; that is, instead of i : 2 : 4 
proportions, the unscreened gravel would require i : 4. 

Broken stone as it runs from the crusher will contain considerable dust, 
and may sometimes be used economically by simply adding sand without 
screening. However, there is apt to be a separation of the coarse particles 
from the fine as they roll down the pile so that less homogeneous proper- 
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tions can be attained. Consequently the writer is in favor of scj)aratinj; 
the aggregate into as many parts as is consistent with economy for the work 
in hand. Even on small work he believes it preferable to screen out the 
sand or dust and re-mix it in the s})ccified projx^rtions. 

PROPORTIONING BT VOID DETERMINATION 

The determination of proportions by finding the volume of water which 
may be poured into the voids of a unit volume of stone and selecting a 
volume of sand equal to this volume of water is one which gives no better 
results in practice than arbitrary selecrion of the proportions, as described 
in the preceding paragraphs, and vaiy’ing the relative jiroportions of sand 
to stone when placing. The determination of the projiortion of cement to 
sand by void measurement is still more misleading; in fact, for reasons dis- 
cussed below, it is so inaccurate that no consideration will here be given 
to it. 

The theory of proportioning by voids is that if the stone or gravel contains, 
say, 40 per cent voids as measured by the contained volume of water, the 
required volume of sand is theoretically 40^^ o of the volume of the stone, 
and supposing the ratio of cement to sand to be as i : 2, the relation of parts 
of sand to parts of the coarse aggregate would be as 2 : 5, thus making the 
proportions I : 2 : 5. Because of the inaccuracy of this method of jiroced- 
* urc, as discussed below, it is necessary in most cases, even although the 
cement and water will .still further increase the bulk, to take a volume 
of sand, say 5% to 10% in excess of the voids; that is, for gravel with 
40% voids to use 45% to 50% of its volume of sand, thus making the 
proportions 1:2:4^. If the coarse material is screened broken stone of 
large si2se, say or 2-inch, the volume of sand may be taken eciual to the 
volume of voids instead of in excess of them, bec ause the [larticles of sand 
will all be small enough to fit into the voids of the stone without ajipre- 
ciably increa.sing its bulk. Suc h stone usually has about 4$^/^ to 50% 
voids, so that we should have proportions 1 : 2 : 4.J or 1:2:4, the same 
as for the gravel concrete. 

The irregular distribution c^f the materials by imperfect mixing may 
usually be disregarded, because the volume of gaged mortar is always in 
excess of the volume of sand from which it is made. 

Care must be exercised in any case to guard against a larger excess of 
sand than is absolutely necessary, because the voids in a concrete are 
lessened by using stone in place of sand. Take, for instance, sand having 
45% voids and stone having 40% voids. With the sand ju.st filling the 
voids of the stone it is easily calculated that the resultant mass has 18% 
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voids; but supposing an excess of 10% of sand, there would be 10% of the 
material having 45% voids, which means there would be 2.5% more voids 
in the resultant mass.* 

Authorities differ as to whether the stone should be loose or shaken 
when determining the voids. Loose measurement is generally considered 
preferable })ecause it corresponds more nearly to the final volume of the 
concrete, and more sand is always necessary than will just fill the voids of 
rammed stone, since the sand and cement separate the stones and prevent 
their lying close together in concrete. In determining, however, the quan- 
tity of cement required for the mixture of aggregates the materials should be 
compacted as described on page 211. 

The chief inaccuracy of this method of basing the proportions of the 
finer materials of a concrete mixture upon iho water contents of the voids 
in the larger is due to the difference in compactness of the materials under 
varied methods of handling, and to the fact that the actual volume of 
voids in a coarse material may not and usually does not correspond to 
the quantity of sand refjuired to fill the voids, and that therefore the com- 
mon method of projiortioning by ba.sing the volume of sand or of mortar 
upon the volume of water which can be jioiired into the broken stone leads 
to false conclusions, 'fhe reasons for this inaccuracy are chielly because 
the grains of sand thrust apart the particles of stone, and because with 
most aggregates a portion of the parti<'les of .sand or fine screenings arc 
too coarse to enter the voids of the coarsest material. 

Even in a mass of stones of uniform size many of the separate voids are 
much smaller than the jiarticles. If we have, then, a mass of gravel rang- 
ing from fine to coarse or a mass of crusher-run broken stone, even with 
the finest sand or the dust screened out of them, the individual voids are 
many of them .so small that a large number of the jiarticles of natural 
bank sand will not fit into them, but will get between the stones and in- 
crease the bulk of the mass. On account of this increase in bulk, even 
with thorough mixing more .sand Is required than the actual volume of the 
voids in the coar.se material. The .separation of the particles of stone by 
the sand is illustrated in the mixture shown in Fig. 2, page 15. 

'Fo illustrate this important principle, an extreme example may be cited. 
Sup{)o.se that we have a mixture in equal parts of i~inch stone and J-inch 
stone. By the usual method of reasoning employed in propbrtioning 
concrete, if the T-inch stone has 50% voids, wc should require a volume 
of Jrinch, equal to 50% of the volume of the i-inch stone, in order to fill 




* See discussion by the writer in Transactions American Society ofXivil Engineers, Vol. XLII» 
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the voids in the latter. The absurdity of this is apparent, because the two 
stones are so near a size that the smaller cannot fit into the voids of the 
latter, and the bulk of the mixture is inappreciably less than the sum of 
the separate volumes, that is, the mixture still has nearly $0% voids. The 
principle is just as true, although the total effect is less, if we consider it 
with reference to the finer particles of the gravel or the crusher- run broken 
stone and the sand or fine screenings which are to be intreKiuced to fill 
the voids. The sizes of many of the particles of tiie latter are so 
nearly equal to the sizes of the smallest particles of the coarse material 
iliat they increase the total bulk instead of reducing the voids. They also 
get between the surfaces oi the stone i)articles and prevent the stones touch- 
ing each other. 

We might conclude from the above that the best concrete can be made 
with a coarse stone of uniform size and a sand whose particles are all 
small enough to iit into its voids; in fact, this is the ( onclusion reached by 
the adv()cates of broken stone of uniform size in ])referencc to crusher-run 
stone. 

Our experiments indicate that while this may be true in theory, in prac- 
tice in making coniTcto the graded materials give about tlfc same density 
and work rather smoother in handling and ])lacing. 

7 'hc point, however, wliich is to be emphasized is the inaccuracy of 
determining the exact volume ()f sand or mortar by sinqdy measuring the 
water contents of the voids in the coarse aggregate. 

'J'he selection' of the proportion of cement by iletermi nation of the water 
contents of the voids in sand is even more inaccurate than the propor- 
tioning of sand to shme by void measurement. Tlie varying effect of 
moisture on the sand so influences the volume of the voids that their deter- 
mination is chiefly important as an aid to the judgment; and as a matter 
of fact, although in practice the quantity of cement is supposed to depend 
upon the volume of voids in the sand, it is cicstomary to .select a definite 
relation of cement to sand varying according to the character of the con- 
struction from I : I to I ; 3, recognizing, however, that fine sand — and fine 
sands in an ordinary state of moisture will almost always have the distin- 
guishing characteristic of a lighter weight per cubic foot than coarse sands 
and a consequently larger percentage of voids — requires more cement 
for equivalent strength. 

As already stated, if the work is too small to warrant a thorough .study 
of the materials by mechanical analysis or volumetric synthc.sis, or some 
other scientific metho<i,*it is tevident from the above discussion that it is 
nearly as accurate to determine the proportions by arbitrary selection (see 
p. .186) as by a study of voids. 
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RAFTER’S METHOD OF PROPORTIONINO 

Mr. George W. Rafter* has called attention to the method of propor- 
tioning the mortar as a percentage of the volume of the stone slightly 
shaken, the relation of cement to sand having been determined by the 
required strength of concrete. 

Quoting from specifications for the Genesee Dam, the concrete is pro- 
portioned as follows: 

In forming concrete such a proportion of mortar of the specified com- 
position will be used as may be found necessary by trial to a little more 
than fill the voids in the aggregate. Tests of the voids will be made from 
time to time under the direction of the engineer, and instructions given 
as to the per cent of mortar of the specified composition to be used. For 
the information of the contractor, in the way of computing the cost of 
concrete of the quality herein reejuired, it may be staled that ordinarily 
the per cent of mortar will be about 33 per cent of the measured volume 
of the aggregate. In case of the use of a certain proportion of gravel in 
the aggregate, the yiroportion of mortar may be reduced to somewhat less 
than 30 per cent. 

This method of jjroportioning is more accurate than the usual procedure, 
because there is less apt to be an excess of mortar. It does not, however, 
take account of the fact that with a coarse aggregate of varying sized 
jiarticles some of the grains of sand are too large to fit into the voids of the 
stone, and that therefore the coarse and fine aggregates must be studied 
together. 

An examination of the analysis of the sand used by Mr. Rafter indicates 
that to its fineness was due the small proportion of mortar to stone which 
he was able to use. Ninety-two per cent of the sand passed a No. 30 
sieve, so that the grains were small enough to enter the voids of the stone 
without afipreciably increasing the bulk of the concrete. 


FRENCH METHOD OF PROPORTIONING 

In France, proportions are ordinarily stated in terms of the volume of 
mortar to the volume of .stone, and the mortar is described by the number 
of kilograms of Portland cement to i cubic meter or liter of sand. 

The following table gives the nominal proportions in English measure 
based on a volume of 3.8 cubic feet corresponding to similar French pro- 
portions based on kilograms of cement to a cubic meter of sand. 

♦“On the Theory of Concrete’’ Transactions American Society Civil Engineers, Vol. XLIl, 
p. 104. 
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American Equivalents of French Proportions. (See p. 999.) 


French meoi}* 
ure, kilograms 
cement per 
cubic meter 
of sand. 

Alnerican’ineas- 
j ure, cement to 
sand by 

1 volume.* 

Pounds of 

1 cement per 
cubic foot 

1 of sand. 

French meas- 
ure, kilograms 
cement per 
cubic fcK>t 
of sand. j 

American meas-! 
ure, cement to j 
sand by | 
volume.* 1 

! 1 

Pounds i»f 
cement jjer 
cubic foot 
of >{Uul. 

200 

j 

1 

1 ' 

8.0 

^2.5 

700 1 

I 

! 

.•2.3 1 

43-7 

300 

1 I 

S -3 

18.7 

800 

1 

’. 2.0 

50.0 

400 

r 

4.0 

25 . 0 

1000 

1 

: 1.6 1 

62.5 

500 

I 

3-2 

31 * 3 

1200 

i I 

: t -3 1 

75-0 

600 

r 

2-7 

37-5 

‘1600 

1 

:,.o 1 

1 00. 0 


♦Proportions based «>ii standaid weitehi of cement, i. e., 100 pounds per cubie foot 


Concrete in France is frequently designated with rcs])cct to the ratio 
of mortar to stone; for example, one volume of mortar to two volumes of 
stone, the mortar then being designated as indicated in the above table. 
To express the parts more definitely, the basis is sometimes a cubic 
meter of sand; for exam])lc, 650 kilograms cement to one cubic meter 
sand to x.8 cubic meter stone, this corresponding substantially to pro- 
portions I : 2^ : 4.J by volume, as ordinarily used in America. 

MECHANICAL ANALYSIS 

Mechanical analysis consists in separating the particles or grains of a 
samide of any material, — such as broken stone, gravel, sand or cement, — 
into the various sizes of which it is composed, so that the material may be 
represented by a curve (see Fig. 70, j). 198) eacli of whose ordinates is the 
percentage of the weight of the total sample which jiasses a sieve having 
holes of a diameter represented by the distance of this ordinate from the 
origin in the diagram. 

The objects of mechanical analysis curves as applied to concrete aggre- 
gates are (i) to show' graphically the sizes and relative sizes of the particles; 
(2) to indicate what sized particles are needed to make the aggregate more 
nearly perfect and so enable the engineer to imjirove it by the addition or 
substitution of another material; and (3) to afford means for determining 
best proportions of different aggregates. 

To determine the relative sizes of the particles or grains of which a given 

♦Chimie Appliquee, 1897, p. 52^. * 

fProporti<»ning of sizes. 
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sample of stone or sand is composed, the different sizes are separated from 
each other by screening the material through successive sieves of increasing 
fineness. After sieving, the residue on each sieve is carefully weighed, and 
beginning with that which has passed the finest sieve, the weights are suc- 
cessively added, so that each sum will represent the total weight of the 
particles which have passed through a certain sieve. The sums thus 
obtained arc expressed as percentages of the total weight of the sample and 
plotted upon a diagram with diameters of the particles as abscissas and 
percentages as ordinates. 

The method of plotting and the uses of the curves thus obtained are 
more fully described in the pages which follow, 

Sieves and Other Apparatus. Fig. 68 illustrates a convenient 
outfit for such a mechanical an«ilysis as above described, consisting 
of a set of sieves, an afiparatus for shaking the sieves, and scales for 
weighing. A standard size of sieve is 8 inches iu diameter and 2J 
inches high. Sieves with openings exceeding 0.10 inches arc preferably 
made of spun hard brass with circular openings drilled to the exact 
dimensions required. Sieves with openings of o.io inch and less arc 
preferably of woven brass wire set into a hard brass frame. Woven brass 
sieves arc made for many purposes, and are sold by numbers which ap- 
proximately coincide with the numlier of meshes to the linear inch. As 
the actual diameter of the hole varies with the gage of wire used by 
different manufacturers, every set of sieves mu t be separately calibrated 

An approximate idea of Die diameters of lades which may be expected 
in commercial sizes of sieves is presented in the following table, which is 
sufficiently exact to serve as a guide to the purcha.'^c of the sieves: 


Commmial N'o. 

Diiunclor of 

Commm ial Xo. 

Diamcler jvf 

of Fiove. 

hole iu inchi-s. 

of sieve 

hole in imhes. 

10 

0073 

60 

0.009 

15 

0.047 

74 

0.0078 

16 

0.042 

100 

O.OC45 

18 

0.037 

140 

0.003625 

20 

0.034 

150 

0.00325 

30 

0.022 

170 

0.0031 

35 

0.017, 

j8o 

0.00306 

40 

0.015 

IQO 

0.0028 

so 

O.OII 

200 

0.00275 


For separating particles smaller than those passing through a No. 200 
sieve, recourse must be had to processes of cliitrition which have- been de- 
veloped to great precision by soil analysis chemists.* 

*See page 85, 
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Mechanical AnaHsib Sieves and Shaker {See 194 ) 
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In selecting llie riglit scries of sieves to purchase, first decide on the 
limiting diameters, say, from 3.00 inches to No. 200 = 0.00275 inches. 
Then decide on the* total number of sieves, say, twenty. Look up the 
logarithm of 3.00 and of 0.00275 and ]>y j)roportion find eighteen other 
logarithms Inaween tliese ha\i]ig equal dilTerenccs between each. Look 
for the numl)er corresponding and take the nearest commercial sieve giving 
this diamc'ter. 'fhe diameters of holes exceeding o.io inch can be made 
as re(|uired. A convenient set of twenty sieves, — ten for stone, which give 
tlie diameter of tlie hole's in intiics, and ten for sand, giving the commercial 
number (see [). 19.I), - is as follows:^' 


Sloiu- Sll VOS 

Santl Sieves 

iiuhts 

Conimeni.ii -\'o. 

3.00 

10 

2.25 


1.50 

20 

1. 00 


0.67 

40 

045 

C)o 

0,30 

7 t 

0.20 

TOO 

O.I^ 

yso 

O.TO 

200 


After the sieves are obtained it is nec'cssary that they sliould be very 
('arefiilly (’alibrated to ascertain the average diamc'ter (if the mesh. This 
should be done l>y averaging the diameters of the o[)enings measured in two 
[losiiions at right angles to ea^h (»ther, as the meshes of commercial 
sieving are not c'xacdy s([uare. Sieves having meshes exceeding o.io 
inch are nuist eonvenieutly calibrated by ordinary outside calipc^rs; those 
having meshes «f less diametc'1% by a mierometer microscope. 

When many analyses arc to he made, it is convenient to have a yirinted 
cross section form, such as is sliown in Fig. 60, p. i<)7, with appropriate 
S|)aees for filling in the number of the analysis, cleserijition of the ma- 
terial, location of the work, and other facts relating to the material. 

Plotting Analysis Curves. For those who are unfamiliar with me- 
chanical analysis a detailccl explanation c^f the method of locating the 
curve i> ht're given. The method cxin bc'st be understood by referring 
to the diagrams of tyiiical materials which are also of practical inter- 
est as illustrating the curves which may l>e exi)cctecl in special cases. 

Fig. 70, p. 1(^0, represents a typical mec'h.anic'al analysis of crushcr-run mi- 
caceous quarlj; stone vvdiich has been run through a ^-ini'h revolving screen so 
as to separate particles finer than J inch, that is the dust, for use with sand. 

For a sample of stone, which may be taken by the method of quartering 

* A still pnialPr fct for ordinary use is suRgcftod on page IJ9^. 
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described on page 280, i 000 grams is a convenient quantity for 8-inch 
diameter sieves 2 J inches in depth, and also permits of easy reduction froiri 
weights to percentages. To obtain the analysis shown in t'ig. 70, the 
sample* of stone is placed in the upper (coarsest) sieve of the nest of stone 
sieves given on page 190, and after i 000 shakes the nest is taken apart, and 
the quantity caught on each sieve is weighed. The results obtained in the 



/ Tic. 70.— ‘Typical Mechanical Analysis of Crushor-Run Micaceous 
Quartz Slone. {See p. 198.) 


particular case under consideration are illustrated in the following table, 
which shows the method of finding the percentages: 


Results oj Screening Samples, oj Stone oj Fig, 70. 


Size sieve 

Retained in 

Amount finer than 

Percentage finer 

each sieve* 

each sieve 

than each sieve 

inches. 

Krams. 

grams. 

% 

O.IO 

8 

0 


o.i<5 

II 

8 

I 

0.20 

8 

19 

2 

0.30 

72 

27 

3 

0.45 

123 

99 

10 

0.67 

235 

222 

22 

1. 00 

344 

457 

46 

1.50 

199 

1000 

801 

So 


*In practise this column is not required, the weights in the next column being obtained directly 
by placing each successive residue on the scale pan with that already weighed. 


The various percentages are plotted pn the diagram and the curve drawn 
through the points. The vertical distance from the bottom of the diagram 
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to the curve, that is, the ordinate at any point, represents the percentage 
of the material which passed through a single sieve having holes of the 
diameter represented by this particular ordinate. Since the percentage of 
material passing any sieve is always the complement of the percentage of 
grains coarser than that sieve, the vertical distances from the top of the 
diagram down to the curve represents the percentages which would be 
retained upon each sieve if employed alone. For example, taking 1.25, 
62%, the distance from the bottom of the diagram, represents the percentage 
of material finer than li inch diameter, and 38^/^,, the distance down from 
the top of diagram, represent the percentage coarser than i J inch. 

Fig. 71 represents a typical analysis of crushed trap rock which has been 



Fig. 71. — Topical Mtrhanical Analysis of Crushed Trap Koek Separated into Three 
Sizes by Re\ulving Screens ha\ing 3, i.J, J and J inch perforatitjns. (See p. 199.) 

separated into stone of three sizes and dust, I)y a revolving screen 2 feet 
6 inches in diameter and 1 2 feet long set on a slope of i foot 9 inches. This 
was made up of four .settions having rcsficctively 3, ij, | and ^ inch per- 
forations. The curves not only show the sizes of trap rock which ordinarily 
pass through crusher .screens of given (liameler of hole, but also illustrate 
how inefficient the screening process may be. For examiilc, if the sizes of 
the particles had corresponded exactly to the diameters of the holes and 
the screening had’ been more perfectly done, wc .should have had curves 
whose general direction and location is shown by the dotted lines No. 
2j, No. 3 j, and No. 4i, that is, for example, No. 3, since it represents 
stone which passes a i i inch screen and which is retained on a J inch screen, 
should occupy a position between the ordinates representing 1.50. and 
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0.7 s diameters. If the stone had rumbled longer in the screen because 
of flatter slope or screen sections of greater length, the curves would have 
approached more nearly to these dotted lines. 

Typical curves of a line, a medium well graded, and a coarse sand are 
shown in Fig. 72. For convenience in plotting, the horizontal scale is ten 



« Frc. 7a. — Typic'iil Mechanical Analyses of Fine, Medium, Well Graded 
and Coarse Sands. (JSee p. 200.) 


times greater than that of Figs. 70 and 71, the diagram showing diameters 
ranging from o to 0.200 inches diameter. The “granulometric composi- 
tion” of these sands may be determined if desired by reference to page 149. 

'Fhe mechanical analysis of crusher dust is ai)t to vary between the curves 
of line sand and medium sand which arc shown in Fig. 72. 

STUDIES OF THE DENSITY OF CONCRETE 

In the year igoi the writer, through the permission and assistance of 
Mr. K. LeB. (iardiner, Vice-President, and Mr. J. Waldo Smith, Chief 
lOngineer, of the Fast Jersey Water Company, was enabled to make an 
e.xtended scries of experiments on the comparative strengths of different 
pro|)ortions of concrete aggregate. Many mixtures oi different propor- 
tions were made up into beams, their curves of mechanical analyses drawn 
as explained above, and the strength of the beams determined by breaking 
tests.* 

I'hese tests indicated that the strength of concrete varieg with the i>er- 
centage of cement contained in a unit volume of the set concrete, also with 


♦ The results of these tests are presented in the table on’pagcs 376 and 377. 
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the density of the specimen. With the same percentage of cement, the 
densest mixture, irrespective of the relative proportions of the sand and 
stone, was in general the strongest. These tests further indicated that for 
the materials used there was a certain mixture of sizes of grains of the 
aggregate which, with a given percentage by weight of cement to the total 
aggregate, gave the highest breaking strength. In practice also it was 
found that the concrete made with this mixture worked most smoothly in 
placing. 

These tests led to a still more extended series by the writer and Mr. 
Sanford E. Thompson at Jerome Park Reservoir, New York, in 1903 and 
1904, under the authorization of the Aqueduct Commission of the city of 
New York, Mr. J. Waldo Smith, Chief Engineer. 

The method of procedure and the results of the tests are given in full in 
a paper on “The Laws of Proportioning Concrete,” by William B. Fuller 
and Sanford E. Thompson, Transactions American Society Civil bhigincers, 
Vol. EIX, p. 67, 1907. The experiments were begun with a series of tests 
on the density of different mixtures of aggregate and cement to determine 
the laws of proportioning for maximum density for different materials, 
and these density experiments were followed by the manufacture of j^'on- 
crete specimens in the attempt to determine the relation between the laws 
of strength and the laws of density. 

The mechanical analysis diagram furnished a ready means of studying 
the effect of various sized particles on the density of concrete. Iw^r this 
purj)ose crusher-run stone and bank gravel were .screened into twenty-one 
sizes ranging from 3 inches down to that ]xissing a No. 100 sieve, having 
meshes 0.0027 diameter. 7 "hcse sized materials were then re-com- 

bined in a predetermined mechanical analysis curve by weighing out the 
necessary quantities of each size. 

This material was next thoroughly mixed with a given weight of cement 
and the whole amount wet and mixed anti tamj)ed into a strong cylinder in 
which its volume could be measured. This batch w'as then thrown away 
and another batch made up according to another mechanical analy.sis curve 
and its volume recorded. In this way over 400 different mechanical analysis 
curves w^ere tested as to volume for the purpose of determining the ideal 
curve corresponding to the densest concrete mixture. 

Both broken stone and gravel were used in the tests, and to reduce the 
number of variables, most of the experiments were made upon the same 
proportions, usmg 10 per cent by weight of cement to the total dry materials, 
.corresponding to proportions i : 9 by weight. 

In all of the tests instead of following the more usual plan of testing the 
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aggregate separately, every exiieriment was performed with a mixture of 
the aggregate and cement gaged with the water necessary to produce the 
proper consistency. The water was found necessary both in theory and 
practice. The cement and water actually occupy space in the mass, since 
many of the voids are too small for the grains of cement to fit into them 
without ex[)anding the volume and the water also occupies actual bulk in 
the concrete. Besides this, a concrete mixed up with water is easier and 
smoother, to handle than a mixture of dry materials alone which tend to 
separate when being placed. 

Curve of Maximum Density. The Little Falls tests made by the writer 
indicated that the curve at greatest density was substantially a parabola. 
The Jerome Park tests based on a larger number of experiments define the 
curve still more accurately as a combination of an ellipse and a straight line.* 

One of the most interesting developments was that a curve of substan- 
tially the same form would fit different materials whatever .the maximum 
size of the stone. The Linch stone, for example, reipiired but very slight 
change in curve equation from the 2}- inch stone. 

The maximum density curve then was found to consist of a combination 
of an ellipset and a straight line, the ellipse being first constructed with its 


♦Mr. FullePs method of proportioning the materials so that their mixture will form a smooth, 
clearly defined curve appears, on its face, to conflict with Mr. Fcrct’s concluMon (see p. 147) that the 
best mixture of sand and cement for mortar is made up of coarse and fine grains only, with no inter- 
mediate grains. For sand mortars, Mr. FereCs methods are undoubtedly more exact than Mr. 
Fuller's, but for a concrete mixture the conditions arc different, and, as we have stated on page 172, 
more than two sizes of materials are theoretically necessary for obtaining the densest mixture. Tn 
practice, too, all classes of materials arc more or less varied, and experiments show that the particles 
will best fit into each other if the sizes are graded. The best proof of the practical efficiency 
of Mr. Fuller's method lies in the fact that he has employetl it ilay after day for determining the 
proportions of the aggregate for concrete used in constructing thin, water-tight walls. The pro- 
portions used by him for such work are about i : 3 : 7, whereas for water-tight coriRtruttion where 
the materials arc not scientifically graded 1:2:4 mixtures are commonly used. 

The method is exact and scientific and not **rulc-of-!humb.’' The nature of the niaterials and 
their variation from hour to hour makes great refinement unnecessary, so that an accuracy of, say, 
z% or 3% in the percentages are all that is necessary in practice. Altliougli furtlier tests may show 
that for other materials the form -of the curve varies from that indicated by Mr. Fuller, the 
general method of analyzing materials and combining the cur\'es is undoubtedly applicable 
ever the form of the curve, so that Mr. Fuller's general principles and methods still hold. 

f In practice ellipses may be most readily plotted graphically by the Trammelpoint method as 
follows: 

Plot the major and minor axes on the diagram. The major or horizontal axis in all cases is on a 
line 7% above th? base. The minor or vertical axis is at a distance, to the right of the vertical 
zero ordinate of the diagram. Lay a strip of paper or a thin straight-edge upon the major or hori- 
zontal axis, and mark u{X>n it two points to represent the length of the semi-major axis, calling one 
of these points — the point on the zero ordinate— 0 , and the other point A. Mark off on the strip 
or straight-edge, in the same direction from O, the length of the semi-minor axis, calling this point 
B. Now, swing the strip of paper or straight-edge little by little so that the outline of the curve may 
be marked off by the point O, while the points A and B are kept at all times upon the axes b and a 
respectiytdy. The straight lines to continue the cur\'es are drawn tangents to them, or may be 
plotted from the data* 011 the following page. » t 
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major axis coinciding with 7 per cent line of percentages, am] the equation 

13 

of the ellipse, using the zero coordinates of the diagram, being (v — 7)“ 

a”* 

{2ax — ic*). One of the ideal curves is illustrated in Fig. 73, page 207, 
showing the general form which it takes.* 

In practice it was necessary to raise the curve somewhat higher, that is, 
to use more sand than the very careful laboratory tests would indicate as 
the ideal mix. 

I'he values of a and b for the different materials, including the ‘tement 
for the Ideal Mix, based on the Jen)me Park stone and Cowe Bay sand and 
gravel, which, as already stated, were fairly representative materials, are as 
follows: 


Daia for Plotthig Ellipses in Curves of Ideal Mix. 


MuteiiuK. 


lilonl Mix 
A\i*s or I'MIpse. 


t' rushed stone and sand .... 

(j ravel and sanil 

Crushed stone and .s<'ro(’n- 
higs 


I 


a 

o. 04 -fo. j6D 
0.04 4 * 0 . if>lJ 

0.035 4-0. 1 4I) 


b 

28.5 4- 1 . 3I) 
+ I . 3I) 

2().4 +■ 2. 2D 


Jn thi.s table, D the mnximrim rliaineter of thcHloiu*, in inrhr.s. 


For the Practical Mix the values of h must be greater so as to give a 
higher curve with more of the finer material. A quick and sufficiently 
accurate method of drawing the curves for the })raclical mix is to draw a 
straight line from the point where the largest diameter stone reaches the 
100% line to the point on the vertical ordinate at zero diameter given in 
Column (1) in the following table’. 

J 

Data for Plotting Curves of Practical Mix. 


Materials. 

Tnt<^r.seotion nf 

with vertiral 
at zero diametei 

■d) 

llri'jtlit «»f 
taiifreat point 

(2) 

Axe8 of 

a 

( 3 ) 

Crushed stone and sand. 

28.5 

35-7 

0. 150D 

Gravel and .sand 

Crushed stone and screen- 

26.0 

33-4 j 

0. 164!) 

ings 

29,0 

36. « 1 

0. 147D 


h V “7 
( 4 ) 

37-4 

35-6 

37-S 
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Then mark the tangent point on this line where it is intersected by 
the vertical ordinate for one-tenth the maxinnim diameter stone; This 
mark should check with the values given in column (2) of above table. 
Then plot the location of minor axis of the ellipse from the values of 
a and b + 7, given in columns (3) and (4) in che above table. This point, 
together with the tangent point and the point at -f 7 on the vertical ordi- 
nate at zero diameter where the curve begins, gives three points on the 
ellipse, which is usually sufficient for drawing the curve with the aid of 
an irregular ('urve. If more points are wanted, they may be jdotted 
graj>hically by the trammel point method as given in the note on 
page 202. 


RELATION OP DENSITY TO STRENGTH 

Having determined the maximum density curve as just exj)laincd, it was 
important to know if the greatest strength coincided with the greatest 
density, and for this purf)osc a large number of beams, six inches square 
and six feet long, were made up and tested for transverse and crushing 
strengtii, for permeability and modulus of elasticity. Some beams were 
made u.sing the ])ro})()rtions determined by the maximum density curve and 
other beams according to higher and lower curves to note if there were any 
decrease in these {)roperties as the maximum density curve was departed 
from. I1ic full results of the tests arc given in the paper referred to,* 
but in general it may be said that a departure from the maximum density 
curve represented a reduction in all these j^roperties except that when the 
curve was modified so as to use a uniform size of coarse stone instead of 
the graded stone it gave practically the same results as the graded. Any 
curving above the straight line in the coarse material decreased the density, 
and also the strength, indicating that the coarse aggregate should not have 
an excess of medium particles. 

LAWS OF PROPORTIONING 

From these experiments, laws of proportioning and also laws relating to 
strength and permeability which are outlined in full in the paper by Messrs. 
Fulh^r and Thompson* were evolved. 

'Fhose relating specifically to strength are given on page 390 and those 
relating definitely to permeability on page 349, and reference should be 
made to these for complete conclusions. The laws relating especially 
t^e grading of the aggregates are as follows: 


*See footnote p. 201 



PROPORTIONING CONCRETE 


20 $ 


1. — ^Aggregates in which particles have been specially graded in sizes 
so as to give, when water and cement are added, an artificial mixture of 
greatest density, produce concrete of higher strength than mixtures of 
cement and natural materials in similar proportions. 1'he average improve- 
ment in strength by artificial grading under the conditions of the tests was 
about T4 per cent. Comj)aring the tests of strength of concrete having 
different percentages of cement, it is found that for similar strength the best 
artificially graded aggregate would require about 12% less cement than like 
mixtures of natural materials. 

2. — The strength and density of concrete is affected but slightly, if at all, 
by decreasing the quantity of the medium size stone of the aggregate and 
increasing the quantity of the coarsest stone. An excess of stone of medium 
size, on the, other hand, appreciably decreases tlie density and strength of 
the concrete. 

3. — The strength and density of concrete is affected by the variation in 
the diameter of the particles of sand more than by variation in the diameters 
of the stone })articles. 

4. — An excess of fine or of medium sand decreases the density and also 
the strength of the con(Tete, as will also a deficiency of fine grains of sand 
in a lean concrete, 

5. — 'File substitution of cement for fine sand does not affect the density of 
the mixture, but increases the strength, although in a slightly smaller ratio 
than the increase in the ratio of cement, 

6. — It follows from the foregoing conclusions that the correct pro[)or- 
tioning of concrete for strength consists in finding, with any j)erccntage of 
cement, a concrete mixture of maximum density, and increasing or dei reas- 
ing the cement by substituting it for the fine })articles in the sand or vice 
versa.* 

7. — In ordinary proportioning with a given san(l and stone and a given 
percentage of cement, the densest and .strongest mixture is attained when the 
volume of the mixture of sand, cement and water is so small as just to fill 
the voids in the stone. In other words, in jjractical construction, use as 
small a proportion of sand and as large a proportion of stone as is possible 
without producing visible voids in the concrete. 

8. — The best mixture of cement and aggregate bas a mechanical analysis 
curvet resembling a parabola, which is a combination of a curve approach- 
ing an ellipse for the sand portion and a tangent straight line for the stone 


* Thisveryimportantlawrequiresfurthcrtests for confirmation, outside of the limits of the present 
tests. 

t For definition of mechanical analysis, see page 193. 
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portion. The ellipse runs to a diameter of one-tenth of th^ diameter of the 
maximum size of stone, and the stone from this point is uniformly graded. 

9. — ^The ideal mechanical analysis qurve, i.c., the best curve, is slightly 
different for dilTerent materials. Cowc Bay sand and gravel, for example, 
pack closer than Jerome Park stone and screenings, and therefore require 
less of the size of grain which the authors designate as sand. 

10. — ^'Phe form of the best analysis curve for any given material is nearly 
the same for all sizes of stone, that is, the curve for \ inch, i-inch, and 2\~ 
inch maximum stone may be described by an ecpiation with the maximum 
diameter as the only variable. In other words, su]j[)Ose a diagram in which 
the left ordinate is zero, and the extreme right ordinate corresponds to 2\- 
inch stone, with the best curve for this stone drawn upon it. If, now, on 
this diagram the vertical scale remains the same, but the horizontal scale 
is increased two and a quarter times, so that the diameter of 1 -inch stone 
corresponds to the extreme right-hand ordinate, the best curve for the i- 
inch stone will be very nearly the one already drawn for the 2 J -inch stone. 
The chief difference between the two is that the larger size stone requires 
a slightly higher curve in the fine sand portion. 

11. — It follows from this last conclusion that from a scientific standpoint 
the term sand is a relative one. With 2 {-inch stone, the best sand would 
range in size from o to 0.22 inch diameter, while the best sand for T^dnch 
stone would range in size from o to 0.05 inch diameter. 

APPLICATION OF MECHANICAL ANALYSIS DIAGRAMS TO PRO- 
PORTIONING 

The mechanical analy.sis diagram offers a very exact method of determin- 
ing the jiroper proportions of any materials for concrete by sieving each of 
the materials, plotting their analy.scs and combining these curves so that the 
result is. as near as ]K)ssible similar to the maximum density curve. 

Plot on the diagram the maximum density curve for the given materials 
to be used; if the equation for this material is not known use the practical 
equation previously given. Make a mechanical analysis of all of the 
materials which it is desired to mix together in the right proportions and 
plot the result of each analysis on the diagram on which the maximum den- 
sity curve has been plotted. 

The aim is to find a new curve representing the mixture of the materials, 
but which will conform a^ nearly as possible to the curve of maximum 
density. The proportions of different materials required to produce this 
curve will show the relative quantity of each which must be used in pro- 
{idMoning. The theory of the combination and coiholete discussion of the 
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methods to be employed with different forms of curves n.re treated in 
Appendix IV. 

A less exact method, but one which is convenient in practice, is by ins^>ec- 
tion and trial of different percentages. To illustrate this trial plan, the 
method of forming a curve of a mixture of several materials in stated pro- 
portions such as I : 2 ; 4 will be given, then the curve for the mixture of the 
same materials which corresponds nearest to the curve of maximum density, 
and finally the application will be made I0 material like run of the bank 
gravel which may be separated into two or three parts. 

In reading this discussion it must be borne in mind that the same jirin- 
ciples will apply to mixtures of several aggregates, although for simplicity 
the principal jiart of the discussion refers to two aggregates. The same 



73 — Curves of Fine and Coarse Crushed Stone and Mixtures, (p.207) 

ajiproximate plan may be u.'icd for the larger number of aggregates or the 
more exact method in the Appendix may be adopted. 

Plotting Curve of Mix in Studying Proportions. In Fjg. 73 we have 
J-inch Shawangunk grit as one aggregate and the same material rolled to 
^-inch maximum size as the other, giving the mechanical analy.sis curves 
shown in the diagram.* 

In this diagram a curve of cement is also plotted so that the 1:2:4 
diiTe represents the combination of the three materials. The curve marked 
i : 2 ! 4 then represents the analysis of the mixture of cement, screenings 

* Tills diagram and the ones which follow are made up from materials used in subsequent studies 
by the New York Board of Water Supply, and referred to in the Discussion by Mr. James L. Davis, 
lYansactions American Socie^ Civil Engineers, Vol. LIX, p. 144. 
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and stone in these proportions. This curve is made up by plotting various 
points and connecling these by a smooth curve. To find the point, for 
examf)le, where the curve cuts the ordinate correrponding to the No. 20 
sieve, the sums of the percentages of the individual materials at this same 
ordinate are taken in the proportion which they bear to the concrete mixture. 
All of the cement is finer than the No. 20 sieve, and since the cement is one 
part of the seven parts in the mixture, one-seventh of 100 per cent repre- 
sents the i)ercentagc of cement in the mixture at the given ordinate. Simi- 
larly, since there are tw'o parts of sand in the seven parts, the sand percent- 
age at the No. 20 ordinate, 61 per cent, is multiplied by two-sevenths, and 
the stone percentage, 6 per cent, by four-sevenths, thus giving as the point 
on the No. 20 sieve ordinate in the combined curve: 

1 X 100 percent ^ 14 . 3 per cent for cement 
j X 61 percent — 1 7 . 4 per cent for sand 
^ X 6 per cent — 3.4 per cent for stone 

Total 35 • r per cent for the point in the curve. 

The other i)oints in the curves are found in a similar manner. 

Curve of Mix to Best Fit the Maximum Density Curve. Take the same 
two aggregates plotted in Fig. 73, but in this case disregard the cement or 
rather consider it a part of the sand. (F recfuently the cement must be con- 
sidered in the trial mixtures in order to study the part of the curve repre- 
senting the fine material to .sec that the j)crcentages of the finest particles are 
satisfactory). The slide rule is convenient for this j)roportioning. 

Averaging the i*-inch .stone by a straight line, we see that it crosses the 
0.15 line at about c)%\ we note also that the J-inch sand crosses the same 
line at q 8% and the maximum density curve crosses the line at 43%, that 
is, along this line it is 34% from the i|-inch stone to the maximum density 
curve and 55% to the J-inch sand. The percentages to be used to obtain a 
43^>o mixture would be an inverse ratio of these two numbers to their total, 
that is, 38^;^; of fine material and f == 62% of the coarse material. 
With the slide rule take these percentages of each curv^e, add together and 
plot a new cur\"e, and see if it conforms reasonably with the maximum den- 
sity curve. If it does not, make another trial of percentage^, the plot of 
the curve indicating by inspection the new percentages. 

It must be remembered that the fine portion of the curve includes also the 
cement, so having decided on the amount of cement to use, say the equiva- 
lent of a I : 7 mix, which has 12^% of cement, the actual proportions 
would be 1 2 J parts cement to 38 — 1 2 J = &5 J parts fine aggregate to 62 parts 
coarse aggregate, or translated into the usual nomenclature, 1:2,04 : 4.95, 
or practically i : 2 15, showing that the ordinary hiixture with this particu- 
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lar material is the best. Supposing, however, the e(juivaleni of a ricluT 
mixture, say i : 2 : 4,is wanted- This would contain 1 : 6 « 14 V ; cement 
and the proportions would be 

i4i : 23J : 62, 

or 

or practically 

** 41 , 

showing that for richer mixtures less fine materials is desirable. 


I : 1.62 : 4.27, 
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Run of Bank Gravel. Gravel as it is found in the natural bank almost 
always contains too much fine material. In many cases screening this into 
two sizes produc:cs a good curve which fits very closely to the curve of 
maximum density.* 

Other gravels, especially where the sand is greatly in excess, require two 
screenings for the best result. Fig. 74 represents a common run of such 
gravel, showing that screening into two sizes will not permit a mixture fitting 
very near to the maximum density curve. The figure also shows how far 
away the original analysis of tlie rim of the bank is from the ideal cun^e. 
In Fig. 75 the same sand is shown screened into three sizes, and illustrates 
the improvement that can be obtained in this case by the extra screening, 
the effect of which is to leave out some of the medium size particles which 
are too large to fill the voids of the coarse stones, and therefore decrease the 
density and the strength of the mixture. ' 

VOLUMETRIC SYNTHESIS OR PROPORTIONING BY TRIAL 

MIXTURES 

The density tests at Jerome Park and the relation there found of the 
strength to the density indicate a method of ])roportioning by trial mixtures, 
which in fact compared the density of the same materials mixed in different 
pro])ortions or different materials mixed in similar proportions. 

Having determined the ])arliciilar sand and stone which are to be used on 
any piece of work, a simple and accurate way of determining jiroportions 
is by actual trial bat('hes of fn'sli material. For this it is only necessary to 
have good scales and a strong and rigid cylinder, say, a ])icce of lo-inch 
wrought-iron pi])e capped at one end. Carefully weigh out and mix 
together on a piece of sheet steel or other non-al)S()rl>cnt material all the 
ingredients, having the consistency the same as is intended to be used in 
the work. Place these in the [)ipe, carefully tamjiing all the time, and note 
the height to wliich the pijie is filled. Weigh the jiipe before filling and 
after being filled, thus cheeking ’weight of material mixed. Throw this 
material away before it has time to set, and clean the pij^e. Make up an(/ther 
batch, using the same weights of ( emcnl and water and the same total 
weight of sand and stone, but have the ratio of weights of the sand and 
stone slightly different from the first. Note whether, after placing, the 
height in the cylinder is^less or more than was the height of the first batch, 
and this will be a guide to further similar mixes, until a proportion is found 
w|iich gives the least height in the cylinder, and at the same time works 

illustration of this is given by Mr. James L. Davis, in Transactions American Society of 
f Civil Engineers, Vol. LIX, p. 145. 
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well while mixing and looks well in the cylinder, all the stones being covered 
with mortar. This method, if carefully followed, will give very accurate 
results, but of course does not indicate, as does mechanical analysis, what 
other changes can be made in the physical sizes of the ^and and stones so 
as to get the best available composition. 

Mr. A. E. Schuttd, in studying the proportions of materials for bitumi- 
nous macadam pavement for the Warren Brothers Company, has very 
effectively develoi)ed the method of volumetric synthesis with dry materials. 
His experiments included various classes and sizes of stone, sand, and 
screenings ranging from 3 inches diameter down to that which passes a No. 
200 sieve. He found that the best method for compacting dry materials, 
such as sand, gravel or broken stone, is to place them in a vessel the shaj)e 
of a truncated cone, with the largest diameter at the bottom. "I’lic cone is 
filled with the coarsest material and taken by a laborer, who compacts it 
by repeatedly striking the cone against the ground, keeping the measure 
full by adding new material of the same kind. When it ceases to settle, the 
contents is omjjlied and mixed with a portion of a liner material, replaced 
in the measure and compacted as before. By repeated trials the exact size 
ancl maximum volume of successive finer materials, which may be added 
without appreciably increasing the bulk of the coarsest after thoroughly 
compacting, are determined. Mr. Schutte has found that for different 
shapes of particles the proportions of each size must be varied, but having 
determined the required percentages for a certain stone, lliat is, for a stone 
from a certain quarry, the proportions of the sizes from day to day need be 
varied but little. 

Practical Proportioning During Progress of the Work. The above 
methods of mechanical analysis and volumetric synthesis are methods to 
be used in the office or laboratory in determining the relative values of all 
the aggregates available for the work. When the work is begun, however, 
and the same general character of aggregate is used day by day, it is only 
necessary to see that the material does not change or, if it docs, simply to 
readjust the relation between the fine and coarse aggregate. To do this 
by the mechanical analysis method, it is only necessary to have a nest of 
about six 8-inch sieves: say, stone sieves with i inch, J-inch and J-inch 
diameter holes and sand sieves No. 8, 20, 50 and too, together with a cover 
and pan. The shaking can be done by hand, and the sievings beginning 
with the finest emptied into a long gla.ss tube. If a standard sample has 
been previously put in the tube in the same way and the points of division 
between the different sievings marked on a paper , pasted on the outside 
of the tube, the difference between the standard and the sample under test 
can be quickly seen and modifications made in the mix accordirijgly. 



Proportions in Actual Structures* 


Compiled by Taylor and Thompson. 




II 

'S 

I4 

L 

{/iti 

based 
linal or 
meas* 
t. 


, 

Structure. 

h 

■§•5 

jd 

J3 

olumes 
on non 
actual 
uremen 

Authority. 

Reference' 






> 



New Urwiklyn Bridge Piers . . . 


X 

8-5 

19 s 

nominal 

Asst. Engineer 


Boston Ei. Ry. Column Foundations 

N. V C. & H R. R. R. 


I 

05 

19.1 

nominal 

G. A. Kimball 

Jour. A. E. S. 

June ’03, > 353 

Footings 

T:4:7it 

1 

130 

26 a 

actual 

W. J. Wilgus 

Assn, of Ry. Supts. 

Abutments 

I -.3 -.fit 

I 

12 2 

237 

.actual 


1900, p. 207 

hacing Old Masonr\» .... 

1:2:4 

t 

7.0 

14.0 

actual 


Coping and Itridge Scats . . . 

1:1:2 

1 

* 35 

7*1 

actual 



0. M.&S. P Ry. 








Piers and Abutments .... 

i:2:c 

I 

7.8 

2: \ 

arlual 

W. A. Rogers 

Assn, of Ry. Supts. 

Culverts and Foundations . . 

1:3:74 

I 

10 5 

2S.5 

actual 

1900, p. 228 

Or R. R & Nav. Co. 








Abutments, Piers and Culverts . 

1:3:'* 

1 

1 1.0 

18.3 

nominal 

W. 11. Kennedy 

As.sn of Ry. Supts. 

Foundations and Light Buildings 

f 1:34:6 
11:4:7 

I 

12.8 

22.0 

nominal 


1900, p. 182 

I 

»4-7 

25-7 

nominal 



C. & E. I. R. R 

1:2:5 

I 

9-3 

26 7 

actual 

A. S. Markley 

Assn, of Ry. Supts. 

Northern Pacific Ry. 







1900, p. 24s 

Foundations 

1 :3:5t 

1 

I 1.2 

20.2 

actual 

E. H. McHenry 

Assn, of Ry. Siipts 

Abutments and Piers .... 

1:3:5 

I 

I 1.2 

20.2 

actual 


1900, p. 235 

C., B. & Q. R. R 

1:3:6 

I 

12.5 

22.5 

actual 

Fred Filers 

As.sn. of Ry. Supts. 

Mexican ('entral Ry 

1:3:6 

1 

13.5 

27.0 

nominal 

Lewis Kingman 

1900, p. 23 r 

A.s.sn. of Ky. Supts. 








1900, p. 212 ■ 

N. Y. Subway 






N.Y.R.T Com. 

Spec. 1900, p. 83 

R<x>fs and Sidewalls 







not over 18 in. thick . . . 

1:2:4 

I 

7,2 

14.4 

nominal 



Sidcwjlls or 'I'unnel Arches . . 
Wet Foundations 

1:24:5 

1 

90 

18.0 

nominal 



not over 24 in. thi<k . . . 

1:2:4 

I 

7 2 1 

14.4 

nominal 



Wet Foundations 






exceeding 24 in. thick . . 

1:24:5 

1 

90 

18,0 

nominal 



Boston Subway 

1 :2 J =4 

I 

8-3 

»3*2 

nominal 

11. A. Carson 


Harvard University Stadium . . . 

1:3:6 



i 




Maine Fortifualions 








Leveling for Foundations . . . 

1:5:10 

I 

18.2 

36- 5 

nutninal 

S. W.Roessler 

RmMjrt Chief of 

Walls and Masses 






Engrs. U. S. A. 

not e*iw-cd to fire .... 

1:4:8 

I 

14*6 

29.2 



1901; p. 91 X 

Walls and Masses 






exposed to fire 

1:3:6 

I 

1 1.0 

22.0 

nominal 



.Ma.sscs for greater iinjicrvinusness 

1:3:5 

1 

1 1.O 

18.3 

nominal 



Uttle FalKs 






W. B. Fuller 


M.iss Concrete 

1 =3:7 

I 

11.4 

26 6 

nominal 



Tanks, Buildings, etc., .... 

1:2:4 

I 

7.6 

iS-a 




Duluth Ship Canal Piers .... 


I 

11.8 

238 

nominal 

C. Coleman 

Cement, Sept., *po, 
p. 144 

Boonton, N. J., Dam 

i:2j:6l5 

I 

10.S 

23.8 


W. B. Fuller 

Genesee Dam 

i 33% 

1 mortar 

I 

IT.4 

368 

nominal 

Geo. W. Rafter 


Buffalo Breakwater ...... 



5 

30II 

nominal 

Emile Low 

Trans. A. S. C» Z* 







Voi. Lll. p. 103 

Pennsylvania Tunnel 

Boston Tunnel 

1:25:5 


p.6±1 

19-3±11 

nominal 

Specifications 

Eng. News. Oct. 

„ IS. >3. .P-337 
Speancations, xgou 

1:24:4 

1 

7*7 

12.4 

nominal 

H. A. Carson 


^illixture varied with loading from 1:1:3 to 1:3:6. t av% 0/ the masf is nibUe. 

^ Boulders added. $ 55% of the mass is ruhole. . . 

' cu. ft. broken stone Actual volumes of ajp^egates, as% hl^ec. 

.'iThe spedfiehtions give proportions in volumes shaken, hence 10% has been added to convert them,to loolif 
^^IsiMaiireQieat. • ' 6 ' ■ ’ ■ ' 
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The test by volumetfic synthesis is one easily made in a modified way in 
the field and with care pves good results. Procure a galvanized tin pail 
and a spring balance graduated to half pounds; take a representative sample 
of concrete, being careful that it contains no more stones or mortar than 
the regular concrete; tamp it into the pail until level full and weigh. Any 
variation from the standard weight will show a change in the character of 
material, and this change can usually be detected and corrected by observ- 
ing the materials and mixing. If not, then mechanical analysis methods 
will have to be used. 

PROPORTIONS OF CONCRETE IN PRACTICE 

The proportion of cement to the aggregate depends upon the nature of 
the construction and the required degree of strength or water-tightness as 
well as upon the character of the inert materials. Strength and imper- 
meability are discussed in Chapters XX and XIX respectively, but the 
table which follows, compiled by the authors, giving the proportions 
adopted upon important structures, may in some cases be useful as an 
arbitrary guide. Actual measurement, that is, measurement of propor- 
tions as actually used, almost invariably shows leaner mixtures than the 
nominal proportions called for. This is largely due to the heaping of the 
measuring boxes in practise. 

In general, as both strength and imperviousness increase with the pro- 
portion of cement to aggregate, relatively rich mixtures arc necessary for 
loaded columns and beams in building construction, for thin walls subjected 
to water pressure, and for foundations laid under water. 


* Pages 214 and 215 are omitted in this Edition. 
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CHAPTER Xn 

TABLES OF QUANTITIES OF MATERIALS FOR 
CONCRETE AND MORTAR 

This chapter presents tables, curves, and formulas (pp. aai to 235), by 
which the volumes of materials required for a known volume of congrete 
may be estimated, and emphasizes the importance of distinctly stating 
the proportions (p. 217). 

The volume of concrete, even when made from materials in the same 
proportions, varies largely with the character of the materials and the 
methods of placing it. A mixed aggregate like gravel contains fewer voids 
and with the same proportions by volume of the same cement and sand 
produces a larger quantityof concrete than a screened broken stone. The 
fineness of the sand also largely affects the volume of the concrete and 
mortar, a fine sand requiring more water, and therefore producing a larger 
volume of mortar than coarse sand in the same proportions by volume. 
If the sand is dry, a slightly larger bulk of mortar is produced than with 
the same sand when containing a larger percentage of moisture, because 
the latter is less compact (see p 176) Some cements require more water 
in gaging than others, and produce a larger amount of imste, which in- 
creases the volume of the concrete or mortar The method of mixing and 
placing the concrete also affects the resulting volume, since an imperfectly 
mixed or poorly compacted mass contains voids which increase the volume. 
An excess of water in mixing affects the resulting volume of the set concrete 
or mortar to a slight extent, although most of the surplus water is expelled 
during setting. 

It is possible to provide for all these variations, except those relating 
to improper mixing and placing, in rational formulas from which 
the resulting volumes may be accurately estimated if the characteristics 
of all the materials are known. For most practical purposes, however, 
average values, such as are presented in the tables and curves, are 
sufficiently accurate for estimating quantities. These average valnes are 
based upon a large number of tests In the United States, Frano^, and 
Germany. » 

The theory of a concrete mixture is discussed, and formulas for volumes 
and quantities are given cm pages 220 to 227 preceding the tables* 
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n concrete spedlicdtionS} the propqrtions of the co^dtue^ts 

diouid \e stated 30 distinctly that there can be no misunderstanding 
/tween the engineer and the contractor as to the quantities which will be 
required for the work. The quantity of cement should invariably be 
regulated by its weight; if the proportions are stated by volume a 
definite weight or number of packages of cement must be assumed to ^ 
the unit volume. For reasons discussed in Chapter XI, it is also more ' 
accurate and scientific to measure the aggregates by weight than by volume, 
and since with a properly constructed plant using materials of several 
sizes, the cost need be no more than volume measure, the authors be* 
lieve this will eventually become common practice in the case of impor- 
tant construction. 

With our present system of weights and measures, it is advisable either 
to specify the number of cubic feet (or pounds) of sand and gravel, stone, 
or mixed material to a definite weight of cement, or else to stipulate a 
definite weight of cement to a cubic yard of concrete lamped in place, 
with an aggregate of clearly described material proportioned as the en- 
gineer may direct. 

In stating the proportions for both mortar and concrete, it is now custom- 
ary in the United States to separate the materials by colons, the first 
figure always representing the cement, followed by the aggregates in the 
order of the size of their grains. For example, 1:3:6 means i part cement 
(t\ie unit of measurement should be stated), 3 parts sand, and 6 parts 
coarse material; or i: 8 means i part cement (of defined weight) to 8 parts 
of graded aggregate. Mortar in proportion i : 2 signifies one part cement 
to two parts sand by either weight or volume as specified. 

In France, proportions are stated as one or more Volumes of mortar to a 
definite number of volumes of stone, — volume de mqrtier pour deux 
volumes de cailloux.’^ 

Unit for Proportioning. If the proportions must be stated in parts, it 
is recommended that the weight of cement be assuified as 100 lb. per cubic 
foot, and the corresponding volume of a barrel as 3.8 cu. ft. By this 
system of units, proportions 1:3:6 would represent 100 lb. cement to 3 
cu. ft. of sand to 6 cu. ft. of gravel or stone; or, i bbl. cement 4 
bags or 376 lb.) to 11,4 cu. ft. sand to 22.8 cu. ft. gravel or stone. 

The authors offer these recommendations after correspond^ce ot per- 
sonal interview with some fifty authorities* (members of the" American 

^ '•See preffce. ^ 
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^Society of Civil Engineers) on concrete construction, representing all sec- 
tions of the United States. 

With reference to the unit which should be selected* for the volume of a 
cement barrel (corresponding to 376 lb. Portland cement) the opinions 
were varied, but nearly every authority advocated specifying a definite 
weight of cement instead of measuring it loosely by volume. The units 
which met with the most favor were 3.5, 3.6, 3.8 and 4.0 cu. ft. The 
advocates of the first two values based their figures upon the measured 
volume of a cement barrel, while those ^selecting the last two did so on the 
presumption that the unit is an arbitrary one in any case, and 100 lb. per 
cubic foot, or 95 lb. per cubic foot (the latter equivalent to 1 cu. ft. to the 
bag), is convenient for calculation. An approximate average of all the 
figures suggested was 3.8 cu. ft. to the barrel, corresponding to 100 lb. per 
cubic foot, the advocates of this value being, among others, Messrs. Charles 
E. Fowler, William B. Fuller, Peter (\ Hains, Allen Hazen, Rudolph 
Hering, (jeorge A. Kimball, Leonard Metcalf, J. Waldo Smith, and 
3. H. Wallace. Accordingly, in cases where it is advisable to specify 
the proportions by i)arts, the authors have adopted this unit as their 
standard. 

When stating the proportions by volume, too much stress cannot be laid 
upon the necessity for the adoption of a standard unit, such as a barrel of 
3.8 cu. ft. or the equivalent assumption that a cubic foot of cement weighs 
100 lb., and upon distinctly specifying this .standard, as otherwise iin 
unscrupulous contractor may adoj)t for his unit the volume of cement 
very loosely measured, and thus produce too lean a concrete. Moreover, 
without a standard there is no means of comparing the concrete in different 
structures or the results of different experiments. It is even inaccurate to 
state that proportions shall be based on packed or on loose measurement 
of cement, for either of these terms is very elastic. The authors have 
personally known engineers to place the volume of a barrel of packed 
cement all the way from 3.1 to 3.8 cu. ft., corresponding to a variation in 
weight of from 123 to 100 lb. per cubic foot, while loose measurement, on 
the other hand, is variously fixed at from 3.8 to 4.5* cu. ft. to the barrel, 
or 100 to 84J lb. per cubic foot. The extreme actual variation is therefore 
from 3.1 to 4.5 cu. ft. per barrel, or 123 to 84J lb. per cubic foot. Propor- 
tions i: 3: 6 in the first case would require 1 bbl. or 376 lb. cement to 9.3 
cu. ft. of sand and i8.6 cu. ft. of gravel; in the last case, proportions 1:3:6 
would stand for i bbl. or 376 lb. cement to 13.5 cu. ft. of sand and 27 cu. ft 

>Krhi8 value is given by one engineer in Proceedings Association of Railway Superintendents 
of Bridges and Buildings, 1900, p. aia. 
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of gravel. In other- words, concrete mixed 1:3:6 by one man may be 
called 1 : 4^; SJ by another.* 

It may be contended that this variation is of little moment provided the 
unit is distinctly stated. The fact is, however, that it is customary in 
discussing a piece of work to give the proportions of materials without 
stating the unit selected, and many records giving tests of strength of 
concrete do not even specify the units used in proportioning the ingredients. * 
It is especially confusing also, to a contractor who is not very careful in 


Tests of CapacUy of Portland Cemetd Barrels and Weight of Contents, 

(Tabulated by the authors from measurements of Boston 'I'ransit Commission, 

1896, Howard A. Carson, Chief Engineer.) {See p. 219.) 


No. of barrels tested 
results averaged | 

Brand 


Average diameter 
of barrel 

5 

1 
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1 

n 

1 

•o 

Volume of 
cement nor 

bjUTCl 

Net weight I 
of tement 
per barrel 

Weight ijcr cubic foot 

1 

ca 

JZ 
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head 

§ d 

•ss 

bO 

cd 

< 
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II 

u 

OM 

r 

a 

'^1 
fi ^ 

"o 

> 

Packed 

ll 

Shaken* 

Before 

dumping 

After 

dumping 

Packed 

Loose 

Shaken 

Sifted 

'c 

•1 

•E 



ft. 

ft. 

.sq.ft. 

cu.ft. 

ft. 

cu.ft. 

cu. 

ft. 

cu. 

fl. 

cu. ft. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

lb. 

5 

A 

2.12 

1.437 

1.622 

3.446 

0.17 

0.23s 

3.21 

3.75 

3.432 

377.4 

376.9 

117.S 

100.5 

109.4 

90.6 

21. X 

6 

B 

2.19 

1.430 

1.605 

3 - 40 ^ 

0.12 

0.171 

3.35 

4.17 


381.0 


113-8 

91.4 



29.0 

3 

C 

2.07 

1.412 

1.57 « 

3-249 

0.07 

0.096 

3.1s 

4.0s 


387.0 


112.8 

94.2 



22.7 

•S 

D 

2.01 

1.407 

1. 554 

3-123 

0.07 

0093 

3.03 

3.99 

3.522 

373-2 

371.4 

123.2 

93.2 

105.5 


25-6 

6* 

E 

2.08 

1.403 

1.546 

3.219 

0.04 

0.059 

3.16 

4.19 


374-2 


J18.4 

89.2 



24-3 

I 

F 

2.13 

1.38 

1.496 

3.186 

0.03 

0.039 

3.15 

4.27 

3.695 

378.0 

378.0 

120.1 

88.5 

102.3 


22.0 

FiLl 

Avc 

• G 

2.01 

1.46 

1.662 

3.327 

0.10 

at 

0,148 3.21 

4.06 

3.598 

370.7 

370.2 

iiS -7 

91-4 

102.9 

80.3 

23-3 

;rages| 

2.09 

1.42 

1-579 

3.292 

0.09 

o.iaojs. 18 

4.07 

3 . 562 t 

377-4 

374.it 

J18.8 

92-6 

105.it 

85. 4 t 

24.0 


Note. — A and B arc American Cements; C. D K and F arc German Cements; G is a Danish Cement; 
Paper weighs about i lb. 

♦Box rocked over bar. 

tPartial averages, to be compared only with like brands. 

reading specifications, to find that, say, 25% or 30% more cement than he 
had figured is required to a cubic yard of concrete. When considering 
this question, the authors were surprised to find that the sidewalk and 
paving specifications of fifteen of the largest cities in the United States 
failed to state the proportions by definite weight or volume, but gave the 
quantities simply in “parts,” a few of them adding that the parts shall 
be “by measure” or “by exact measure.” 

Weight of Cement. Experiments by Mr. Howard A. Carson, for 
Boston Transit Commission, upon 31 barrels of Portland cement of 
•For further data, sec letter of Sanford E. Thompson to Engineering News, Nov. X2, 1903, p. 434. 
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American and foreign brands, furnish an interesting illustration of the 
difference in weight of the same cement in different Stages of compact- 
ness. The results,* a summary of which ii> presented in the table on 
page 219, show a variation from 86 to n8 lb. in the average weights of 
the same cement, according as it was weighed sifted, or packed in a 
barrel, while the actual weight of one brand, the average \ of 5 barrels, 
was as high as 123 lb. per cubic foot as it came from Germany packed 
in a barrel. 

From the experiments just described, the ratios of volume and weight 
of the same cements in different <lcgrecb of compactness are calculated by 
the authors as follows: * 

Ratio of volume of packed cement lo capacity of barrel between heads 0,97 


Ratio of volume paiked to volume loose 0.78 

Ratio of volume parked to volume shaken 0.88 

Ratio of volume loose to volume shaken 1.13 

Ratio of weight packed to weight loose 1.28 

Ratio of Weight i)acked to weight shaken i.t3 

Ratio of weight packed to weight siflcil 1.37 


From the tabic it is evident that the selection of the volume of a barrel 
is arbitrary. The adojitcd volume of 3.8 cu. ft. is convenient for calcula- 
tion because it assumes a cubic foot of cement lo weigh aj)proximately 
too lb. 

THEORY OF A CONCRETE MIXTURE 

The discussion and the fotmulas which follow' relate to plastic mortars 
and plastic or medium concrete. While a small amount of water in 
mixing may result, with heavy ramming, in a concrete or mortar of 
less than average volume, in practice the volume is more apt lo be in- 
creased by lack of water because of the less perfect mixture and the 
visible voids. The volume of set concrete or mortar produced by a very 
wet mixture is approximately the same as that of a plastic mixture, 
because nearly all of the surplus water is thrown to the surface and 
expelled by the settling of the solid materials. This the authors have 
repeatedly proved by experiment. 

The frequently repeated assertion that a very wet mixture contains 
visible air voids because of the drying out of the w'ater is incorrect. This 
may be proved by carefully pouring neat cement grout into a rectangular 
mold, one of whose sides is formed by a piece of glass. The surplus water 
is expelled, and the specimen after setting is dense and glass^y with no 
visible voids. The large visible voids which sometimes occur in very wet 

^Tabulated by Sanford £. Thompson in Engineering News, Oct. 4, 1900, p* 219. 
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concrete, similar in appearance to visible voids In jjdry concrete, ate due 
to the grout running away from the stones, or to too violent agitation in 
placing^ 

The volume of fresh concrete or mortar produced by any mixture of 
cement and aggregate or aggregates is equal to the sum of the volumes of 
the separate particles of the cement, the sand, and the other dry materials, 
the water contained in the aggregate and added in mixing, and the Sjpiall 
volume of air entrained between the particles. The volume of set mor- 
tar or concrete is not appreciably different from its compacted volume 
when fresh or green, except in very wet mixtures, which expel a portion 
df the water. The volumes of the particles of dry materials are termed 
absolute volumes ^ and it is important. to note the distinction between the 
absolute volumes and the apparent volumes determined by measuring 
the materials. Absolute volumes are discussed on pages 135 to 139. 

The fact that water actually occupies space in a mass of fresh concrete 
or mortar has been entirely ignored by many jvriters on the subject of 
concrete mixtures. As stated on page 216, the fineness of the sand and 
the moisture contained in it affect the volume of the resulting concrete 
or mortar. Mr. Feret has proved by experiments (cited on page 179) 
that fine sands require more water for gaging than coarse. This extra 
volume of water produces a mortar of less density and consequently less 
strength; even stones such as are found in gravel or coarse broken stone 
require a very small percentage of water. 

FORMULAS FOR QUANTITIES OF MATERIALS AND VOLUMES 

A concrete is therefore made up of solid grains of cement plus water 
required for the cement, plus solid grains of sand plus water required for 
the sand, plus solid stone jiarticles plus water rcijuired for the stone, plus 
air voids. The last term, the air voidi, represents the voids entrained 
by the sand, which may be considered as a function or percentage of the 
sand, and the voids due to imperfect mixing of the concrete materials, 
which may be considered a function or percentage of the stone. Accord- 
ingly the volume of a concrete mixture may be expressed as a rational 
formula, which is applicable to all concrete and mortar mixtures in which 
theivoids of the coarse .stone are filled with mortar. The formula (i) 
which follows is presented to illustrate the theory, but because of the 
variation in the coefficient with different sands and different proportions, 
formula (2), page 222, and formulas (3) to (8), which are based on aver- 
age conditions, are suggested for practical use as sufficiently accurate 
for most purposes. 
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Let 

c « absolute volume* of cement. 

5 == absolute volume* of sand, 
absolute volume* of stone. 

m = ratio of the absolute volume of the water plus air voids of the 
cement, to the absolute volume of cement. 
n == ratio of the absolute volume of the water coating the grains of 
sand plus the air entrained in gaging it, to the absolute volume of sand. 
p = ratio of the absolute volume of the water coating the stone particles 
plus the air voids due to imperfect mixing, to the absolute volume 
of stone.. 

W = volume of concrete produced. 

In other words, these ratios, m, n, and p, represent the sum of the vol- 
umes occupied by the water required for the material in mixing plus the 
air, in terms of the respective volumes of cement, sand, and stone. 

Then 

W= c me -b 5' + ns -f -{- pg 
or 

W -- (t -b m) c -b (i H- n) s p) g (i) 

The coefficient n is really composed of two variables, one depending 
upon the coarseness of the sand, and the other upon the ratio of cement to 
sand, since a lean mortar contains more air voids. It is possible to ex- 
press this coefficient as a more complex term with this ratio as a factor, 
but by what appears to be a peculiar coincidence, experiments show that 
for ordinary bank .sand the variation in voids caused by different propor- 
tions may be provided for by taking the cement and sand together; in 
other words, for different proportions of the same cement and sand, the 
sum of the water and the air voids in the mortar is approximately a con- 
stant. Where there is no sand, or where the stone and sand are mixed, 
formula (i) must be employed. 

The more practical formula may be expressed as follows, employing 
similar notation to that given above, and letting 

r - ratio of the absolute volume of the water plus the air entrained in 
g«aging, to the ab.solute volume of cement plus sand, 

then 

W^^C’\-s+r{c-\-js)-\-g-{-pg 

or 

Wi=(i + r) (c + i) + (i + p)g (a) 

’('Absolute volumes are defined on p. 135. 



QUANTITIES OF MATERIALS 223 

Substituting average values for r and which the authors have selected 
by analyzing the results of a number of exact records in the United States 
and Europe of the volumes of concrete and mortar, the formula becomes 

- 1.34 (c+ s) + 1.08 g (3) 

The comparison of this formula with actual experiments is shown on page 
227. The formula may be readily reduced to practical working form if 
the characteristics of the cement, sand, and stone are known. The cement 
may be expressed in pounds by substituting for the absolute volume, c, 
the number of pounds of cement divided by its specific gravity (which 
may be taken as 3.1) times the weight of a cubic foot of water (62.3 lb.). 
It may also be expressed in barrels by substituting for the absolute 
volume, c, the number of barrels, multiplied by the net weight per 
barrel, 376 pounds, and divided, as above, by the specific gravity times 
the weight of a cubic foot of water [sec formula (4)]. The terms re- 
lating to sand and stone may be expressed in pounds in a way similar 
to that just shown for cement, or they may be expressed in measured 
volume by substituting for the absolute volume, s or the measured 
volume, 5 or C, multii)lied by the proportion of solid material con- 
tained in it. Expressing this algebraically, if 

0 = quantity of concrete made with B barrels cement, 

— quantity of concrete made with one barrel cement, 

B == number barrels cement, 

Bi — number barrels cement per cubic yard of concrete, 

5 = volume of loose sand in cubic feet, 

S^ — volume of loose sand in cubic yards per cubic yard of concrete, 

G = volume of broken stone or gravel or cinders in cubic feet, 

V = absolute voids in sand determined by weight method (p. 166), 

v' ^ absolute voids in stone determined by weight method (p. 167), 

376 

then from formula (3), since c — B — ii— - 

3.1 X 62.3 

g=I±L>117^J5 + i.34 (i— t') 6’+ 1.08 (i— vOG 
62.3 X 3-T 

Q = 2.61 B + 1.34 (1 — ’’o) S 4- i-o8 (i — v') G (4) 

The volume of concrete in cubic feet made by one barrel of cement, 
assuming that a cubic foot of average loose, moist sand contains 89 
pounds of dry sand, and that its specific gravity dry is 2.65, is, 

~ 2.61 -h 0.723 54 1.08 (x — v') G 


is) 
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This formula is applicable to average concrete made with Portland 
cement of good quality, coarse bank sand measured loose and containing 
ordinary moisture, and any broken stone or gravel of known voids. For- 
mula (5) has been used m compillhg tables on pages 233 to 235, except in 
the first twelve proportions, which contain no sand. 

If the volume of concrete made from a barrel of cement plus the sand 
and other aggregate which accompanies it is known, the number of 
barrels of cement per cubic yard is readily calculated. In formula (5); 

represents the number of cubic feet of concrete made with one 
barrel cement, hence the number of barrels cement per cubic yard of 
concrete is 27 divided by 






( 6 ) 


Assuming a cubic foot of average sand to contain 89 pounds of dry sand 
produces the formuLi employed in calculating tables on pages 230 to 232, 
and substituting in formula (6) the value of from formula (5), 


261 r 


27 

o 723 S H 1 08 (i — v') G 


( 7 ) 


The formulas may be evpressed in parts by volume (such as i* 2 4) by 
multiplying the coefficient of .S and G by the assumed volume of a barrel, 
say by 3,8 

Knowing the number of barrels of cement,/^,, per cubic vardof concrete, 
the number of cubic yards of sand per cubic yard of concrete, is 
evidently 

^ _ - 5 , X quantity sand in c ubic feet per barrel of cement 

27 

The quantitv of stone is similarly olHained. 

If two or more coarse materials, such as broken stone and gravel, are 
used, they must be mixed in the selected proportions, before weighing, to 
determine their voids 

In mortars of extremely fine sands the density (c + 0 is apt to be about 
0.60 (see Feret’s talde, sand C, p. 136) and the coefficient of first term of 
j 00 

formula (3) becomes - , — 1.67 instead of 1.34. In plastic mortars 
o 00 

of standard Ottawa sand the density (c + s), by tests of the authors, 

averages about 0.71, hence the coefficient becomes ~ 1.41 instead of 

0.71 

t-34. Substituting these values, or any others which may be obtained by 
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\ 

experiment, in formula (2), the working formulas which follow it may be 
readily deduced. It is evident from the variation in the coefficient with 
diffetent sands, that the variation in volume of mortar and concrete ob 
te.ined by different expenmenters is due chiefly to the difference in the 
Materials employed 

The coefficient of (c + s) is also affected, though to a less degree, by 
the character of the cement, some cements requiring more water than 
others and therefore producing a greater bulk of paste for a given weight 
' of cement 

In concrete mixtures of cement and coarse stone, with no sand or screen- 
mg^, formulas (2) to (8) are inapplicable because apparently the air voids 
do not increase with the leanness of the mixture until the point is 
reached at whi( h the paste f ills to fill the \ oids in the stone It is therefore 
necessary to go back to foimuh (i), page 222 Since s is zero, the formula 
becomes 

=■ (i f m) ( ^ (t -h p) g (9) 

An average value of (1 4 - wi) for i first class Americ in Portland cement 
has been found b} experiment to be i 65 It laries with the quantit> of 
atcr required to gage the cement to such i consistency that the \oids will 
be filled, but no free w iter will exist upon the surf ice The selected \alue, 
assuming voids in the piste, corresponds to 2of (j of water b\ weight 
The value of (1 />) is usuilH i 04 to i oS An average formula for a 

conerete of cement and coarse stone may thus be taken as 

W 2 '^ J 6s( b T oSg ( 10 ) 

which is readily reduced to practical forms by the method adopted in 
eiolving formulis (4) to (8) from formula (3) 

If the stone is i mixture of sand and graxel, or broken stone and screen- 
ings, the coc flu lent of g must be increised and a figure selected whose 
value depends upon the relatne proportion of fine and coarse material 

TABLES AND CURVES OF QUANTITIES OF MATERIALS AND 

VOLUMES 

Tables on pages 229 to 235 are calculated from formulas (5), (6), 
(8), and (9). These formulas are used not merely because of their 
theoretical worth, but because, as stated on pages 216 and 227, the 
results from them agree with actual experiment 
The values are average values of sufficient exactness for practical 
ose, although, as suggested on pages 222 and 224, variations in the 



326 A TREATISE ON CONCRETE 

quality of the materials largely affect the resulting volumes, especially 
of the mortar. 

The tables on pages 231 and 234 are recommended for general use 
in determining the quantities of materials for concrete, or the volume 
of concrete made with known materials, and where the percentage of 
voids in the coarse aggregate is unknown the 45% columns should be 
adopted. The curves on page 228 arc also in convenient form for prac- 
tical use. 

All except the first item in the table on page 229 and the first 12 
items in tables on pages 230 to 235 are calculated from formulas (5), 
(6), and (8), page 223, with the assumption there outlined. The 
broken stone in the first twelve items in the concrete tables, pages 230 
to 235, except where the voids are 40% or over, is assumed to contain 
fine material, and the coefficient selected for formula (9), varies from 
1.08 for 50%, 45%> 40% voids to 1.14 for 20% voids. 

Use of Curves. The use of the curves on page 228 is best illus- 
trated by the following examples: 

Example!, — Find quantities of materials required for 1000 cubic 
yards 1:2^:$ concrete. 

Solntibn. — Intersection of dotted horizontal line corresponding to 
2^ barrels sand with dotted vertical line corresponding to 5 barrels 
stone falls on diagonal curve 1.30; hence, 1.30 barrels cement are 
required y^er cubic yard, or t 300 barrels cement for i 000 cubic yards 
concrete. From Note 4 of diagram 1300X0.141X2^ = 460 cubic 
yards sand will be required, and 1300X0.141X5 = 920 cubic yards 
stone required. 

Example 2. — Find number of barrels cement required for 1000 
cubic yards concrete in prof)ortions one barrel cement to 9 cubic feet 
sand to 18 cubic feet stone. 

Solution. — Intersection of full cross section horizontal line corre- 
sponding to 9 cubic feet sand with vertical line for 18 cubic feet stone 
gives 1.37 barrels cement i)er cubic yard or i 370 barrels for i 000 
cubic yards concrete. 

Example 3. — Find volume of concrete of Example i made from one 
barrel of cement. 

Solution. — Tly Note 5 of diagram volume of concrete per barrel 
cement is 27 divided by the quantity of cement per cubic yard of con 
27 

Crete, or - - = 20.8 cubic feet. 

1-30 
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Oomparison of Table Values with Actual Experiments. Comparatively 
few experimenters have recorded complete data with reference to the ma- 
terials entering into their specimens of concrete and mortar. The most 
comprehensive records of this nature that have come to the knowledge of 
the authors are those by Mr. William B. Fuller,* which are tabulated in full 
on page 258, his proportions ranging from 1:0 to 1:6:10. The actual 
volumes obtained by him, having been found to agree closely with 
other carefully made experiments, are used in the determination of the 
constants employed in the above formulas and in compiling the tables 
and curves on pages 228 to 235. Volumes calculated from the formulas 
employing these constants agree with Mr. Fuller’s tests with an average 
variation of 0.2 of i% and a maximum variation of 6%. 

Other records which have been compared with results calculated by our 
formulas, and with which they usually agree within less than 5% after 
making allowance for dilTerent materials and units, are those by Messrs. 
George W. Rafter,!- Edwin Thachcr,} J. E. Howard, § E. Candlot,|| and 
E. S. Wheeler, IF C. A. Matcham,** E. S. T.arnedtt Leonard Met- 
calf.ft 

Experiments by Mr. Edwin Thacher show the rammed volume of 
dry facing mortar (that is mortar mixed with a small })roporlion of 
water) to be about 12% less than the volume of slush mortar made from 
the same materials, and the (piantity of cement per cubic yard to be cor- 
respondingly greater for the dry mortar. 

The volume of mortar or concrete is affected by the character of the 
cement as well as by the sand and method of mixing, since some cements 
require more water and will make more paste to a unit weight of cement 
than others even of the same class. In one scries of experiments, for ex- 
ample, 85 pounds of a certain first-class American Portland cement 
were required to make one cubic foot of paste, while for another 
standard American Portland cement of a different brand 107 pounds 
were required. Average values for wet or plastic mortars are given in 
the table on page 229. 

♦See page 261. 

fTransactions American Society of Civil Engineers, Vol. XLII, p. 104. 

tjohnson’s ‘‘The Materials of Construction,” 1903, p. 6ioa. 

§Tests of Metals, U. S. A., 1899, p. 786. 

IlCimcnts ci Chaux Hydrauliques, 1898, p. 446. 

^Report Chief of Engineers, U. S. A., 1895, pp. 2922 to 2931. 

♦♦Engineering Record, April 15, 1905, p. 434. 

Correspondence. 
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24 
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X 
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20 
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si 
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22.9 
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X 
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42 
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si 

7 

I 

10 

28 

39 
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I 

12 

16 
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3 

5 

I 

12 

20 
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28.6 
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3 


X 

12 

22 
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23.2 
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25.6 
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3 

6 

I 

12 

24 

50 
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X 

3 

6i 

1 

12 

26 

48 

25-4 
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28.2 
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X 
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28 
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26. \ 

27.9 

29.4 

32.5 
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X 

3 

7i 

* 

12 

30 

42 

27.5 

29.1 

30.8 

34 0 
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X 

3 

8 


12 

32 
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28.6 

30-3 
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3 S-S 

30*0 

X 

4 

s 

X 

x6 

20 

75 
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26.x 
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29-3 
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X 

4 

6 


x6 


63 

27.2 

28.5 

29.8 

32.4 

350 

X 

4 

7 


x6 

28 

55 

. 29.3 

30.8 { 

32.4 

35-4 

38.4 

X 

4 

8 


16 

32 

48 
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33-2 
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38.4 
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z 

4 
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x6 

36 

43 
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z 

4 

10 

X 

16 

40 

40 

35.8 

38.C 
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44.4 
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I 

S 

xo 


20 

40 

47 
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z 

6 

X 3 

z 

»4 

48 

46 
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Note. — Variations in the fineness of the sand and the otmpacting of the concrete may affect the 
volumes by 10% in either direction. 

*Uee 50% column for broken stone screened to uniform size. 

tUse 45% column for averaae conditions and for broken stone wi b dust screened out. 

- lUsa 40% column for gravel or mixed stone and gravel. 

, . gUue those columns tar scientifically graded mixtures. 
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- MATCRI^S FOR ROBBLe CONCRETB. 

QmntUies of Materials for One Cubic Yard Based on a Barrel of Cubic Feet. 
{See important footnotes, also pp. *38 and 296.) 



Nbm*-r-Var!ation8 in the fineness of the sand and the compacting of the concrete may effect the Quan- 
tities 1^ 10% in either direction. 

• Use So% columns for broken stone screened to uniform size. » 

t 4S% columns for average conditions and for broken stone with dust screened out. 

i yse 40% eotumns for gravn or mixed stone and gravel. ^ 

< f ulw 30% columns fw sdentifically graded mixtures. 
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VOLtJME OF RUBBLE CONCRETE 


. Based on a Barrel of Cubic Feet (see important footnotes, also pp. 238 

and 296). 


— ^ 

rSRCBNTAGB 

OF UUBBLrB 

IN TOTYL, 
VOLUMB 

OF CONCRETE. 

PROPORTIONS OF 
PLAIN CONCRETE 
BY PARTS. 

PROPORTIONS or 
PLAIN CONCRETE 

BY VOLUME. 

average volume OP RUBBLE 
CONCRETE MADS FROM ONE 
BARREL CEMENT. 
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& 

Stone. 
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cu. ft. 

PerceutaKCs of Voids in Broken 
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cu. ft. 

CU. ft. 
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»2.0 

41.5 

46.8 

Si. 7 




2 

3 

I 

7.0 

II 4 

28* 6 

29 8 

31.0 

1 33.4 



^ 1 

2 

4 

X 

7 6 

iS. 2 

32 ft 

34.4 

36.0 

39.2 




2 

5 

T 

7.6 

19.0 

30 8 
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ig 0 

39 ft 

41.6 

43 6 

47.8 



I 

2i 

6 
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X 

3 
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Note: — V anations in the fineness of the sand and the compacting of the 


concrete may affect the quantities by 10% in either direction. 

.♦Use 50% column for broken stone screened to uniform size. 
tUse 45% column for average conditions and for broken stone with dust 
screened out. , 

:JUse 40% column for gravel or mixed stone and gravel. 

}Use 30% column for scientifically graded mixtures. 
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TABLES OF BUBBLE GONGRETE 

The tables on pages 236 and 237 give the quantities of materials and the 
volumes of concrete mixed in different proportions and with different per- 
centages of rubble. The values are made up as described on pages 298 
and 299, where illustrations are given of the methods of computing the cost. 

The percentages of rubble are based on the ratio of the volume of the 
concrete after it is laid to the actual volume of the large stone contained 
in it. In other words, it is the percentage of the Gnished concrete occupied 
by the large stone. 
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CHAPTER XIII 

PREPARATION OF MATERIALS FOR CONCRETE 

The various operations relating directly to the laying of concrete are 
discussed in detail in this and several succeeding chapters. While the 
selection of the special methods and machinery, which are described at 
length in the succeeding chapters, are determined by local conditions, 
certain general principles apply to all classes of work. The preparation 
of the materials relates to the storing of cement, the screening of sand and 
gravel, and the crushing of stone. 

STORING CEMENT 

Portland cement is not injured by storing in a dry place for an indefinite 
length of time; in fact, contrary to former belief, instead of deteriorating, 
the quality is often improved by storage. Cement manufacturers when 
rushed with orders sometimes ship material which, not being sufficiently 
air-slaked, contains free lime that exposure to air may change to a hydrate 
and thus render harmless. 

Recognition of tlic fact that cx]>osure to dry atmosphere docs not injure 
cement has led to packing it in bags instead of in barrels, thus saying both 
the cost of the barrel and the extra freight upon it. If, however, the work 
is in a damj) location, as in marine construction, barrel shipments are 
advisable. 

The economy of storing the cement as near as possible to the mixing 
platform or mixing machine is obvious, but since, on the other hand, it is 
more easily handled and is always less in volume than sand and stone, 
these should be given the preference in the matter of location. 

SCREENING SAND AND GRAVEL 

The three most common methods of screening are (i) by hand, that is, 
by throwing shovelfuls of the material on to an inclined screen, (2) by 
dumping or hoisting the material on to a fixed inclined screen, (3) by a 
revolving screen. 

Cost of Hand Screening. The cost of hand screening depends upon 
the total amount of material handled rather than upon the quantity of 
sand or gravel produced. A material most of whose particles run through 
the screen can be most cheapiv screened, because the screen can be moved » 
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or arranged over a hole, while if a large proportion of the particles ate 
caught they must be shoveled from the foot of the screen. 

An average laborer, properly superintended, will throw about 24 cU, yd. 
of material against a screen in a ten-hour day, but in estimating the cost, 
allowance must ]>c made for shoveling the material out of the way, moving 
screen, and superintendence. 

The following are approximate costs of screening sand and gravel by 
hand under ordinary conditions. The prices are from actual records on 
a number of jobs and are based on labor at $1.50 for ten hours, with a 
suitable allowance for superintendence and contractor's profit. The min- 
imum prices apply to first-class men. 

Average Minimum 

cost cofit 

per CU yd. per cu. yd. 

Screening sand, coarse stuff wa'^ted $0.1 1 $0.08 

Screening gravel to remoce laigc stones 0.15 0,10 

Screening gravel to remo\c sand, sand wasted 0.24 0.17 

Screening gravel coarse, and fine stuff, both measured 0.18 0.12 

If laborers are working alone with no foreman in sight, as is often the 
case on concrete work, 50% should be added to the average costs. 

Inclined Screen fed by Carts, Derrick Buckets, or Endless Chain. The 
slope of an elevated screen may vary from 35° to 45° from the horizontal, 
according to the character of the material. Coarser screens are required 
to pass material of a certain size than for hand screening. 

At the new Cambridge Bridge, Boston, the contractors employed a 
screen about 15 feet long, hinged at the top so that the slope could be 
varied to suit the material. A hopper located above the screen fed on to a 
3-inch bar screen, consisting of parallel iron bars about 3 inches apart, 
^supported by iron cross pieces about 5 inches apart. The stones too large 
for the concrete ran down this coarse screen, and rolled off one sfdc, while 
the remainder of the material fell through it on to a screen with i-inch by 
i-inch mesh, which separated the medium gravel from the sand. 

On another lar^e job in Everett, Mass., where an inclined screen was 
fed by a bucket elevator supplied by carts, 300 to 350 cu. yd. of sand and 
gravel were screened in ten hours, and an even larger quantity could have 
been handled had it been supplied with absolute regularity. 

The cost of screening by this method depends both upon local conditions 
and the quantity screened. The average cost may be assumed to be from 
4 to 8 cents per cubic yard when large quantities of sand or gravel are 
handled at once. 

Rotating Screens. Rotating screens, cylindrical or hexagonal in shapO, 
although most frequently employed for separating crushed stone ^ 
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(see p. 345), afe also adapted^ if power is available, for separating sand 
from gravel, or for separating gravel into several sizes to remix in the theo- 
retical proportions required for a dense, impervious concrete. 

While the first cost of a rotating screen is more than that of an inclined 
screen, less elevation is required and it may be fed with a bucket conveyor. 

A plant for ordinary concrete made from two aggregates, sand and 
gravel, requires a screen with only two sizes of mesh, the smaller about 
f-inch and the larger 2, 2 J or 3-inch mesh, as desired. Often no screening 
is required except to remove the sand, as a few large stones do no harm. 
The screen may be about 3 feet in diameter by 12 feet in length. 

The present tendency, for concrete which is to be subjected to severe 
stress or to water pressure, is to require more scientific proportioning by 
separating the aggregate into several sizes and remixing them so as to 
produce the greatest density. This separation may be accomplished in 
practice by adding more sections, and thus lengthening the screen, or by 
employing a double cylinder, which occupies about half the space of a 
single cylinder. 

The inner c}linder of a double c} linden screen is composed of two or 
more sections of diflerent sized mesh, and the outer cylinder is composed 
of tw’o or more corresjwnding sections which are entirely separate from each 
other so that each may discharge into a sej)aratc bii. Each outer section 
has a finer mesh than the corresponding section of the inner cylinder. 
The material, after passing through a section of the inner cylinder, falls 
upon the outer wire and is again separated, the part which is caught rolling 
out through an annular opening into one bin and the remainder passing 
through the mesh into another bin. 

STONE CRUSHING 

The crushing of stone for concrete must be approached from a different 
standpoint than the preparation of material for macadam paving, although 
the costs will not vary materially from those of a well-arranged portable 
crushing plant used on road construction. 

For city or town macadam paving, where a suitable ledge is available, 
it is possible to establish a fixed plant wdth stationary engine, large stone 
bins, and economical machinery for handling cars, so that the stone can 
be hauled over a system of movable tracks directly from the ledge to the 
crusher, while for country road building the plant is arranged with a view 
to its portability, sometimes even resting on wheels. 

For concrete work a plant intermediate in style between these is usually 
required. Its design is governed by the local conditions and by the quan- 
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tity of concrete to be made. In some cases where the concrete is laid in 
excayation it is possible to locate the crusher on the bank, and allow the 
stone to pass by gravity on to and through an inclined screen, or, if “crusher 
run” is used, to fall directly into a pile below. Generally the stone from 
the crusher must be taken by bucket or belt conveyors to bins, located, if 
possible, above the concrete mixer, or where the stone can be conveniently 
conveyed to the mixer without shoveling. 



1 Main Frame 1 1 tipper Half Check Plate 21 Kalance Wheel 30 Spring Rod 

2 Round Back 12 Lower Half Check Plate 22 Bolt for Swing Jaw Shaft 31 Spring Bar 

3 Fixed Jaw Plate 13 Bolt for Cheek Plate Cover 32 Washer 

4 Swing Jaw Plate 1 4 Toggle 2.4 Holt for Main Bearing 33 Washer 

5 Swing Jdw 15 Toggle Bearing 24 Pulley 34 Hand Wheel 

6 Pitman 16 Bolt for Wedge 25 Circasc Box Cover 35 Thumb Nut 

7 Toggle Block 17 Bolt for Toggle Block 26 Bolt and Thumb Screw 36 Rubber Spring 

8 Wedge IK Cover for Main Bearin 27 Bolt for Swing Jaw Plate .47 Bolt for Pviley 

9 Eccentric Shaft 19 Cover for Swing Jaw Shaft 2H Shackle Pin 38 Oreasc Box Cover on 

10 Swing Jaw Shaft 2h (irease Cup 29 Spring Rod Shackle Main Bearing 

Fig. 77. — Jaw Crusher. {See p, 242.) 

Stone Crushers. Stone crushers arc of two general types, jaw crushers 
and gjTOtory crushers. 

The size of a jaw crusher is designated by the opening into which the 
stone is introduced. A i6 by lo-inch crusher has jaws t6 inches in width, 
and the space between the two jaws at the top is lo inches. A “duplex” 
crusher has two pairs of jaws operated by the same shaft, but working 
alternately by means of different eccentrics. Single jaw crushers range 
in size from 3 by inches to 3<^ by 24 inches. 

The operation of a typical, jaw crusher is shown in Fig. 77. One of the 
jaws is fixed, and the other is hinged at the top, and swung back and forth 
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through a very small arc. The motion is imparted by the ^centric shaft, 
which, in revolving, raises and lowers the “pitman,” whose lower end is 
connected by toggles with the lower end of the movable jaw. The size of 
the stone passing through the jaws, that is, the size of the largest particles, 
is regulated by the opening at the bottom of the swing jaw, which is changed 
by using longer or shorter toggles. 

The capacity of any crusher, — that is, the quantity of broken stone 
which it will turn out per hour or per day — is dependent not only upon 
the size of the crusher, but upon the texture of the stone and the sizes of 
the largest particles. From the following catalogue capacities for a 16 
by lo-inch jaw crusher per day of ten hours, it may be inferred that the 
quantity turned out is nearly in the ratio of the sizes of the stones. * 

120 tons crushed to 2j-inch size 
100 “ “ “ 2 “ “ 

^ 80 " “ « li “ « 

60 ** ** 1 ^ ** 

In estimating the actual daily output of a crusher, — and this is in fact 
true for most machinery, — all catalogue figures are likely to be misleading 
because they are based on maximum capacity with continuous feeding, 
while in practice there are likely to be unavoidable delays. An average 
day’s work of ten hours, — based on actual records obtained by the authors 
from a number of jobs, — for a 15 by gdnch crusher set for zj-inch stone, 
with a small percentage of tailings, may be taken at 65 cu. yd. or, say, 
78 ton'-, in ten hours. This estimate applies to continuous running of the 
crusher, allowing only for occasional unavoidable delays.* 

A section of a gyratory crusher, which is adapted for more stationary 
plants, is shown in Fig. 78, page 244. It consists essentially of a cone 
with a gyratory motion within an inverted conical chamber or shell. The 
size of the crusher is determined by the width of the opening between the 
top of the cone and the shell, and the circumference. The gyratory motion 
of the cone shaft is produced by an eccentric keyed to its lower end. As 
the shaft revolves, the cone is given a kind of a rocking motion which con- 
tinually directs it toward, and then away from, different portions of the 
shell. The size of the broken stone is regulated by raising or lowering 
the cone on the shaft. * 

For a concrete plant producing 200 cubic yards per day, manufac- 
turers recommend a No. 4 gyratory crusher with openings 8 x 27 inches. 

The horse-power required to drive a crusher and its attendant machinery 

^he Annual Report of the Newton, Mass., City Engineer for 1891 gives interesting data ot 
dtetail costs of stone crushing, a portion of which are here summarized on page 249. 
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varies largely with the material handled. It is advisable td make ample 
allowa^nce above the figures given in manufacturers* catalogues. It is, 
also, economical to use a wider and heavier belt than is generally specified, 



Fig. 78.— Ciyi-atory Crusher, (See p. 243.) 


in ordjsr to avoid delays and shutdowns. When ordering almost any kind 
of authors make it a practice to require a wider and heavier 

l^ey than the standard width. It is wise to make a pulley at least 
2 inches wider than the belt which is to be run upon it. 
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Crusher Screens and Bins. A typical design, by Mr. lEarle C. Bacon, 
for bins suitable for a plant where the concrete mixer or mixing platform is 
located at a distance from the crusher is shown in Fig. 79. With slight 
changes they may be arranged to discharge into hoppers over a concrete 
mixer. The dimensions of timber employed in the construetkn may be 
used as a basis for bins of other sizes. 



Fig. 79.-"Small Crushing Plant with Elevator, Screen, anti Portable Bins. (Sec p. 245.) 


A safe slope for the bottom of stone bins is 45®, although if lined with 
sheet iron this may be decreased to 35° or 40®. 

Screens for broken stone as shown in Fig. 80, page 246, are usually made 
in sections varying in length from 3 to 5 feet, so that they can be bolted to- 
gether and give as many divisions of sizes as are required. The diameters 
vary from 24 to 48 inches. The mesh of a rotating screen should be about 
20% smaller in diameter than the required size for the stone, as there is 
more or less wear on the screen, which enlarges the holes, and this allow- 
ance will also assist in excluding the oblong pieces whose longest dimen- 
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sion is above the limit. For concrete, unless two or more sizes of ston0 
are mixed, no more than two sizes of mesh are required, one, ^-inch to 
remove the dust, and the other, 2, 2^, or 3-inch to remove the coarse stuff. 
Often it is necessary only to remove the dust which may then be used as 
sand. • 

Stone Bin Gates. A gate designed, by Mr. C. S. MacHenry, of the 
Greene Consolidated Copper Co., has proved extremely satisfactory for 
cutting off the flow of materials of the nature of broken stone, gravel, and 
sand. A detail drawing of this is shown in Fig. 81. 

Cost of Stone Crushing. The cost of stone crushing is so dependent 



tie. 80 — Rotating Screen. [^Sce p, 245.) 

upon local conditions and upon the character of the rock, that only approxi- 
mate estimates based upon actual experience can be given. There are, 
in general, two classes of work, — one where the rock is blasted from a 
ledge near at hand, and the other where the cru.shers arc suppliedx with 
boulders or other loose rock. The gang at the crusher is similar in both 
cases, and the chief difference in operation is the extra gang for drilling . 
and breaking up the stone in the ledge. On the other hand, usually more 
permanent, and therefore more economical, arrangements for hauling the 
stohe can be made in ledge excavation than when the stone is obtained 
from various sources. 



flo. 8z. — Urate for Stone or Sand Bins (^ee « S 46 .> 
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A typical gang* for operating a 15 by 9-inch crusher, turning out, say, 
65 cubic yards of broken stone in ten hours, is as follows: 

One foreman. 

One engineman. 

Two men feeding crusher. 

One other man at crusher on odd work. 

Three men loading stone into carts to supply crusher. 

Two single carts with one teamster hauling stone to crusher. 

The number of teams required to haul stone to crusher depends, of 
course, ui)on the length of haul. Sometimes additional men will be needed 
to pass the stone to the men feeding the crusher; on the other hand, if the 
stone is dum])ed directly into a hopper above the crusher so as not to re- 
quire handling, two men are capable of supplying a crusher whose capacity 
is 200 cubic yards per flay. 

The labor of drilling a ledge obviously depends upon the quality and 
seaminess of the rock and the depth of the holes. Under ordinary condi- 
tions, a steam drill with two men can be counted upon to loosen consider- 
ably more rock than can be handled by a 15 by 9-inch crusher. The cost 
of barring out and sledging the blasted rock may be estimated on the basis 
of about TO cubic yards (measured after crushing) ])cr man per day of ten 
hours. If the crusher is a large one, say a No. 6 rotary (11 by 36 in.), 
a man will bar and sledge about double this (quantity because it does not 
need to be broken so fine. The ligurcs are averaged by the authors from 
actual observed sf)eeds on a number of jobs. 

In estimating the cost of crushing .stone, the original cost of the plant is 
an important item. The allowance for this per yard of rock is de])cndent 
upon the length of time the plant is to be o{)erated, and the probable value 
of- the machinery when the work is complete, as well as upon the interest 
on the investment and the cost of repairs. A ])lant similar to that shown in 
Fig. 79, i)age 245, with a j 6 by lo-inch jaw crusher, may be estimated to 
cost from $2,000 to $2,5oo.t 

A very careful analysis of the actual cost of crushing stone for macadam 
in a large gyratory crusher was made by Mr. Albert F. Noyes, City Engi-r 
neer of Newton, Mass. His prices are ba.scd on common labor at $1.75 
per day of nine hours, drill men at $3.00, drill hel])crs at $1.75, engineman 
for crusher at $2.00, and tw'o one-horse carts with driver at $5.00. The 
detail costs per cubic yard of crushed s'tone were as follows: 

♦Actual gang employed on a concrete contract for the Metropolitan Water Works, Mass. 

*1 Estimated by Earle C. Bacon. 
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Cost per cubic yard of Quarryingand Crushing Hard Green Trap at Newton, Mass.* 


Labor of steam drilling - $0,002 

Coal, oil, waste, powder, drilling and repairs for drilling and blasting 0.084 

Shai pening drills and tools 0.069 

Breaking stone for crusher 0.279 

Filling carts with rough stone 0.098 

Carting stone to crusher 0.072 

Feeding crusher 0*053 

Engineman of crusher 0.031 

Coal, oil, and waste for crusher 0.079 

Repairs 0.041 


Total cost per cubic yard of crushed stone » $o.8g8 


The total cost of crushing in a jaw crusher conglomerate ledge stone 
drilled by hand, Mr. Noyes gives as $1,113 per cubic yard; of trap cobble 
stone wheeled to crusher in barrows, as $0,445 cubic yard; and of 
granite cobble stone hauled in carts, as $0,372 per cubic yard. 

These costs, which, as well as the wages paid per day, must be taken into 
account when estimating under other conditions, are based upon an output 
per hour of 7.7 cubic yards bard green trap, 8.9 cubic yards conglomerate 
ledge, it.8 cubic yards trap cobble stone, and 9 cubic yards granite cobble 
stone.f 

Data on Broken Stone. Broken stone is often sold by weight instead of 
by the cubic yard, because of the variation in volume due to handling or 
transporting. A cubic yard of broken tra]) stone may vary in weight 
from 2 400 to 2 700 j)ounds.t If measured after carting some distance, 
broken stone will weigh about 10 % heavier per culn’c yard than at the 
crusher, because of the settling. The authors have found by repeated 
measurements that too pounds per cubic foot is a fair average weight for 
screened trap rock after it has been shaken down by hauling, although 
when measured loose in a small measure an average weight is about 90 
pounds. Crusher run stone is about 10 % heavier than this because it 
contains less voids. Stones having lower specific gra vities than trap are 
correspondingly lighter in weight. § 

On macadamized or paved roads, if no steep hills are to be encountered, 
two horses will haul from 6 000 to 7 000 pounds c^f broken stone to a load. 
Very high side boards are of course necessary to carry this quantity. 


♦Annual Report of City Engineer for 1891. 

tCost per cubic yard of &tone crushing for pavement in various towns is given in Report Mass. 
Highway Commission, 1895, P* further data in Engineering News, March 27, 1902, p. 

258, and Jan. 15, 1903, p. 55. 

{For data on weights, see article by W. £. McClintock in Journal Association Engineering 
Societies, Vol. XL, p. 424. 

$See table, p. 163. 
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Numbers are used to designate the sizes of stone on road construction^ 
and stone bought from a crusher is likely to be sold in this way. In such 
cases it must be borne in mind that these numbers are of local signifitance. 
Some plants call their finest product, including dust, No. i stone, while 
others commence to number from their coarsest size or tailings. 

WASHING SAND AND STONE 

Gravel frequently requires washing to remove the coating of clay or loam 
from the pebbles Crushed stone maj require removal of the dust. Sand 
sometimes has too much silt to ])roduce a strong concrete, or may contain 
vegetable matter (see p i sab) which renders it absolutely unfit for concrete. 
Washing also may be employed to assist in the separation of aggregates 
into the sizes reejuired for accurate proportioning 
The most satisfac tory plan for washing ajipcars to be to wash the mate 
rial down a trough over sc reens in the bottom of the trough, or against and 
through screens inclined in the op])osite direction fiom the trough Screens 
with round punched holes ire better for this purjiosc than wire mesh 
Bellows Falls Canal Company’s Plant. 1 he method used by the Aber- 
thaw Construction Comjiany for washing both the c rushed stone and gravel 
consisted of shoveling the material from an elev ited ])1 itform into inc lined 
chutes over the upjier end of which were pla( cd eight i in( h pipes with 
their lower ends hammered together to form i sjiray 1 he water from these 
pipes washed the gravel and stone down the c liuU into storage bins below, 
the dirty water passing through screens near the bottom of the chute into 
troughs lined with tarred jiapcr which tarried it .iway For washing 
stone or gravel, I inch sc reens wc re used, and foi sand, No 20 mesh sc reens, 
the latter requiring frequent cleats to support the wire c loth 
Rockingham Power Company Washing Plant.’*' In this plant the gravel 
was dumi>ed as it came from the pit into hoppers forming the iipfier end of 
an inclined sluice carried on a light pole trestle T nough water was then 
drawn from an elevated tank to float the gravel down the c hute to the lower 
end which terminated in an inclined screen with \ inch mesh. Ihe water 
and sand passed through the screen into hoppers below, while the pebbles 
rolled along the screen and passed over the end into a gondola car The 
water overflowing the sides of the sand hopjier c arried off the loam and 
lighter material while the sand settled, and when the hopper was filled 
it could be drawn off into cars beneath. 

* Enginerring-Contracttng, May, 13, i9o8,p 292, 



MIXING CONCRETE 


^51 


CHAPTER XVI 
MIXING CONCRETE 

The method employed for nix ng concrete is immaterial, provided the 
result ib a homogeneous mass of the required uniform consistency, con- 
taining the various aggregates and cement in proper proportions. If the 
color of the mass is not absolutely uniform, that is, if uncoated particles 
of sand or stone are visible, if masses of stones are separate from the 
mortar, or if some portions of the mortar are dryer than others, the mixing 
has not been thorough. 

Hand vs. Machine Mixing. First-class concrete may be produced, with 
careful superintendence, by either hand or machine-mixing. 

The relative cost of the two methods depends entirely upon circum- 
stances, and must be estimated for each individual case If the job is a 
small one, so that the cost of erecting the plant plus the interest and de- 
preciation, divided by the number of cubic yards to be made, is a large item, 
or if frequent moving is required, concrete may be and often is mixed 
cheaper by hand than by machinery. The information which follows 
concerning Loth methods will serve as a guide for comparison in special 
cases. 

MIXING GONGRETE BY HAND 

The methods employed by different engineers and contractors for 
handling the materials and arranging the men are nearly as varied with 
hand-mi>ed as with machine-mixed concrete Concrete mixing is seem- 
ingly so simple an operation that it is often neglected by the inspector, 
and poor workmanship escapes detection. 

The inspector should lay the greatest stress upon (a) exact measurement 
of the gravel or broken stone, (b) thorough mixture of the cement and 
sand, (c) thorough mixture of the mass, and (d) care in dumping the con- 
crete into place. The quantity of water used in the mixing and the proper 
ramming or puddling of the concrete in place are equally important but 
are less likely to be overlooked. 

In proportioning the ingredients, it is poor economy to make allowance 
for insufficient mixing or improper handling of the materials. The addi- 
tional cement will be much more expensive than the extra time expended 
by laborers in securing a homogeneous mixture. 

In the first place the mixing platform should be located as near the work 
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as possible, and so situated that the coarse materials can be conveniently 
dumped on one side of it and the sand on the other. It should be not less 
than 15 to 20 feet, square if all the work is to be done upon it, and except 
for a very small job should be of 2-inch plank, planed one side, spiked to, 
say, 2 by 4-inch stringers about 5 feet apart, so that it can be moved from 
place to place as required. A 2 by 3-inch strip around the edge will pre- 
vent loss of material. If the sand and cement are made into a mortar 
before mixing with the stone, the platform may be narrower and a mortar 
box employed in addition. 

Methods of Measuring Material. Cement should invariably be meas- 
ured by weight. In practice this is accomplished not by weighing on 
scales but by counting packages, since bags or barrels of cement have 
standard Avelghts.* 

The volumes of sand and stone or other aggregate should be distinctly 
stated in the proportions in terms of the number of cubic feet of each 
material to a barrel of cement, or else by parts, coupled with the explana- 
tion that one part, or barrel, represents a definite volume, such as 3.8 cubic 
feet. In specifications where the proportions are given by parts with no 
unit of measurement, the contractor undoubtedly has the legal right to 
base the volumes of aggregate on the loose measurement of cement, hence 
the necessity of exact statement of units, as prescribed on page 217. 

The sand measure preferred by the authors is a bottomless box similar 
to the gravel box shown in Fig. 5, page 18, having a depth of about 6 inches, 
and other dimensions determined by the required volume. The filling of 
cement barrels or half-barrels with sand is a slower and less accurate process. 
If the sand cannot be conveniently unloaded close to the measuring plat- 
form, it may be measured in a barrow or other wheeled vehicle so con- 
structed that it can be accurately leveled off after filling. For rough 
measurement ordinary contractors’ barrows, whose approximate “large” 
capacities are given on page 9, are suitable. If more exact quantities are 
required, however, it takes only a few more seconds to dump the sand 
from the barrows into a bottomless box. 

For gravel or broken stone a bottomless box about 8 or 9 inches deep, 
shown in Fig. 5, page 18, is a convenient measure. Special barrows built 
to exact dimensions are more exact measures than ordinary contractors^ 
barrows and, in some cases, than the bottomless box, because an unscrupu- 
lous contractor can more easily heap the material in the latter when the 
inspector’s back is turned. Cement barrels are accurate measures, but 
time is wasted in lifting the shovels when filling, and in dumping them. 

^ ,, iBcc pagp 2. 
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A measuring barrow car,* built so that it can be handled with a derrick, 
is sometimes convenient. 

Hand Mixing. A detailed description of one of the best ways to mix 
concrete by hand is given in Chapter II for the benefit of those not familiar 
with concreting. It is the general opinion of concrete experts that the 
particular order adopted for mixing the materials has little effect upon the 
strength of the concrete, provided the materials are turned a sufficient 
number of times to incorporate them thoroughly. Some engineers prefer 
to make the cement and sand into a mortar, while others do not add the 
water until the final turning. The authors have seen excellent work pro- 
duced by both methods, but prefer the latter chielly because shoveling the 
mortar on to the stone involves more lal)or than handling the dry mixed 
cement and sand; in fact, comparative tests show that it costs less to mix 
the cement and sand dry, shovel the mixture on to the stone and mix three 
times, than to make a mortar, shovel it on to the stone and mix only twice. 

Methods variously employed, the first of which is described in detail on 
page 21, are outlined as follows: 

(t) Cement and sand mixed dry and shoveled on to the stone or gravel 
leveled olT, and wet as the mass is turned. 

(2) Cement and sand mixed dry, and the stone or gravel dumped on 
top of it, leveled off, and wet as the mass is turned. 

(3) Cement and sand mixed with water into a mortar which is shoveled 
on to the gravel or stone, and the mass turned with .shovels. 

(4) Cement and sand mixed with water into a mortar, the gravel or 
stone spread on top of it, and the mass turned with shovels. 

(5) Gravel or stone, sand, and cement, sj^rcad in successive layers, 
mixed slightly and shoveled into a circle or crater, water poured into the 
center, and the mass mixed with shovels and hoes. 

The last method is a])plicable only where a small amount of concrete is 
to be mixed on the ground with no mixing platform or mortar box. 

Sand and cement must never be mixed up in advance, as lime and 
sand are often mixed, because the natural moisture which all sands contain 
will make the cement set and cake. 

The systematic arrangement of the men in pairs, as described on page 
21, and insistence upon their shoveling from the bottom of the pile and 
then turning their shovels completely over, are essentials for thoroughly 
mixed concrete. In the final wet mixing the materials should be turned 
in this way two or three times. 

For wetting the concrete some engineers specify spraying with the hose, 

♦See illustration in Engineering News, April 23, 1896, p. 268 
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but in practice there .ij>pcars to be no specuu advantage in this over ordinary 
galvanized iron hut kits, while with the latter the quantity can be gaged 
more accurately b\ filling the required number of buckets in advance. 
Nearly all the water i an be poured on the dry materials before commencing 
to turn, and the icmainder used to wet up oicasional dry spots. 

The quantilv of \\atcr is regulated ai cording to the appearance of the 
concrete after placing. In a thin wall the water will rise to the surface 
through successive laycMs so that the first batclies iii a day’s work requite 
the most w«iter Whatever the quantiU, it hould he thoroughly incor- 
porated with the other ingredients, and the amount whiih can be thus 
incorporated may sometimes lie tikcn as the allowable limit in hand- 
mixing. The best ^lonsistency for dilfcient classes of concrete is dis- 
cussed on page 271). 

Distribution of Mixing Gang. Wluilcvei the methods of mixing, the 
chief requisites for econom) are such an arrangenu nt of the gang that each 
man will have definite duties, and that the numhcM of men on one set of 
operations will perfoim then vvoik in th«‘ s imt length of time lecpiiied by 
another set of men to pcMiorm i dilkient opcnition or set of opeiations. 
A gang should be <is laige as pracliitiblc in order to le'-sen the cost of 
superintendence and the geneial expense 

The best ])laii, where the si/e of the gang can lie regulated to suit, is to 
give c\uh man a single operation <0 pcifoim Foi example, let one man 
or set of men whecd and measure all tiu suul, let another set of men mix 
the sand and ccmcnl, let a thud set he lontmuallv cmploMcl measuiing 
the gM\c*l or stone; a fouith mixing the mass^ while one or two of their 
numhci supply water; a filth filling the h 11 rows and wheeling the con- 
crete to place, and still anotlui set leveling the concrete and ramming or 
puddling 

It is geiicially economical to liavc two hatches of conciete in preparation 
at once, although one set ol men usutillv can measuie and mix the sand and 
cement for two mixing gangs W 1 iik one hatch of coiicictc is being 
shov eled to place or wheeled m harrows, the othei batch either in a different 
location on the same platform or on a separate platfoim, may he spread 
and mixed 

The method of handling a small gang is described on page 21. The 
arrangement of gangs on two well managed actual jobs is illustrated in 
the follow ipg outline: 

(i) Gang on a core wall for a dike where the sand and cement were 
H^^^Jttiixed dry and spread on to the stone, then wet as the mass was 
^ turned. 
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The large mixing platform was located 30 to 50 feet dibtant from the 
excavation, and the concrete was handled m wheelbarrows 
One foreman 

One man wheeling sand to measuring box 

Two men, working allernattly it the two ends of the mixing platfoira, 
opening ctment, ind mixing sand and cement dr) 

Thicc or four men, w^irkm^ iltcrnitelv it c uh end of [ilalfoim, sho\ cling 
gravel into ])oUomks^ boxc^ 

Six men working dternitcly it caeh end of plilform, mixing concrete 
(turning it three time*-) 

Two men hindling w lUi 

Foul men vsheihiig cone rite, cich filling his own biiiow 
lour men lf\eling ind rimmnv 

Ihe ivirigc ciinntitv ot concrete in pn)poitions 121; hid bv this gang 
per cJiy of ten hours w is ibout bs; bitches 01 47 culiic \ irds, with a mixi 
mum of ibout ()0 bitches or 6=; eul ic \ 11 ds 

(2) 0 ing for i 6 me 1 found ilion foi i sticet i)ncmcnt where the sinel 
an 1 (cment weu mi le into i inoit ii ind s])u id on to the stone, and 
whci two mixing jdilloim weu used emc o i ( leh side of the dreet, 
with i m > tir box between tliem 
One foiem in 

Two iiKii mi XI ig molt 11 m one nioit ir liox 
hour men s Kwchn^ tone ill initth into t \o nu isuimj; boxes 
lour men woikiig ilteinit 1\ m the two mixing plitfoinis, spie iding 
mortir on -.tone mixing eoiiciete ind sliovelmg to pliee 
Three men leveling ind 1 imming coiuiete ind ilso issistmg to shoxcl 
to place 

One min e nrxmg w itei ind doing othci odd work 
The totil epuntitx of eoneiete in pio]K)itions 125 Hid pei da) of ten 
hours averaged from \o to bitches or '>9 to eubic \ iids pei di\ 
for the ging I he ging w is not ciuite u]) to the i\ei ige, for under given 
conditions the) ought to hue tuined out legul iil\ 34 cubic vnds per day 
of ten houis 

Approximate costs ot concrete mixing ire ehscusseel on page 25 

MIXING BY MACHINERY 

On all large contracts miehincry for mixing concrete is universally 
replacing hand libor The economy of this usually is due as much to 
the appliances introduced for handling the raw materials and the concrete 
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as to the saving in the actual labor of mixing. Any arrangement which 
requires the measuring and spreading of materials by shovelers before 
entering the mixer results simply in saving the process of hand turning 
of the concrete and the labor of shoveling it into the vehicle, and this saving 
is partly balanced by the cost of maintaining and operating the mixer. 
On a small job this last item almost invariably exceeds the saving in hand 
labor and renders the expense with the machine greater than without it. 

The design of the appliances or plant for handling the materials, and to 
some extent the selection of the type of mixer, depends upon local condi- 
tions, the quantity to be mixed per day, and the total volume of concrete. 
For a large mass of concrete masonry it is evident that it pays to invest a 
considerable sum in machinery to reduce the number of men and horses, 
but if for any reason only a small quantity, we will say not over 50 cubic 
yards, can be deposited in a day, the cost of cxi)ensive machinery cuts a 
very large figure and hand labor is generally cheaper. In estimating the 
interest on the cost of the plant which must be charged against a cubic 
yard of concrete, instead of dividing the interest per day by the usual 
daily output, the interest for the year must be divided by the total amount 
of concrete to l>e laid in the year. In other words, allowance must be 
made for the days when inclement weather jirevents work. To find the 
depreciation, the value of the entire plant when new, minus its value after 
the job is completed, is divided by the total number of yards of concrete. 
Some of the other running expenses, such as the wages of the engineman, 
may continue from day to day whether or not any concrete is being laid. 

Concrete Mixers. An eiTective concrete mixer not only stirs the mass, 
which may tend to separate the light and heavy particles, but cuts it again 
and again, and rejiealedly transfers the materials from one part of the 
machine to another, so that in w^hatever order they arc introduced, the 
product will be homogeneous. Continuous turning alone does not ac- 
complish the result so quickly or thoroughly as the more complicated 
motions. The appearance of thf concrete as it falls from the mixer will 
often distinguish the better of two machines. 

The larger the machine, the more economical it will be, provided the 
arrangements for supplying it with material and conveying the concrete to 
the work permit running at full capacity. 

Concrete mixers are of two general classes: (i) continuous mixers into 
which the materials are fed constantly, usually by shovelfpls, and from 
which the concrete is discharged in a steady stream, and (2) batch mixers, 
to receive at one charge, say, a barrel or a bag of cement with its 
,f^^pr!ionate volume of sand and stone, and after mixing to discharge it 
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in one mass. It is impossible to separate these two classes very distinctly 
because many of the machines are adapted to either continuous^ or batch 
mixing. 

The authors are opposed, as a rule, to the use of continuous mixers, 
unless the materials are measured and fed mechanically, because of the 
difficulty of uniform feeding. When the ingredients are measured out by 
hand, spread in layers one above another, and then, starting at one edge, 
are shoveled into the mixer, the proportions of the materials in the resulting 
concrete are regulated by the thickness of the layers of the different in- 
gredients rather than by the dimensions of the measuring barrels or boxes. 
If in one portion of the pile the layer of cement is thicker than in another, 
the resulting concrete will be proportionally richer. With batch mixers 
all the^materials enter the machine at once; the homogeneity of the product 
depends upon the character and l<?ngth of time of mixing rather than upon 
the care exercised by the laborers in feeding, and less inspection is neces- 
sary. 

The regulation of the water supply in machine-mixing as in hand- 
mixing is largely a matter of judgment. Even if the materials were all 
supplied under absolutely uniform conditions, the same volume of water 
would not j)roduce from each batch a concrete of uniform consistency, 
because, as the concrete is laid, the water works u[) through from one layer 
to the next, so that more water may be necessary early in the morning than 
later in the day. It is well, nevertheless, to roughly measure the quantity 
each time, varying the amount from batch to batch as the condition of the 
materials and the state of the mass require. 

The selection of the type of mixer is often governed by IcK'al conditions. 
If, for example, there is to be a large quantity of concrete, and the machinery 
can be located at one place, a stationary machine, mounted perhaf* on 
timber framework, with derricks, elevators, or belts, to raise the materials, 
may be economical. On running work, like a conduit or retaining wall, 
more portable machines are required, while for thin layers, like pavement 
foundations, if any machine is u.sed it must be very light or easily moved. 
If stone for the aggregate is to be broken on the spot, a stationary plant 
may be built, or the stone may be hauled from the crusher bin to the mixer. 
In some cases, the conformation of the ground will permit of dropping the 
materials into or through the machine by gravity. Frequently the volume 
of concrete to be laid is limited by the construction of forms, and a machine 
of small size is sufficient. 

Mixers may be classified in three general types: 

Rotating mixers. 
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Paddle mixers. 

Gravity ndxers. 

Rotating or rotary mixers, as they are usually termed, sometimes mix 
the materials by simply tumbling them in an oblong or cubical box, and 
in other cases by throwing them against the deflectors, blades, or plows. 

The cubical box is one of the simplest forms of rotating mixers, and , 
formerly was used largely on extensive concrete construction, but is now , 
giving place to modified forms which permit more thorough mixing and 
the inspection of the material during mixing. The cubical box is of steel, 
generally mounted on a timber frame similar to the plan in Fig. 94, page 
272. The shaft for revolving it runs through two opposite corners and 
consists of a perforated |hollow tube which supplies the water. The 
measured materials arc dropped in from above through a hinged door in 
the side of the mixer, and the machine after some twelve or fifteen revolu- 
tions is stopped, the door is opened, and the concrete dropped into carts or 
cars When most of the concrete is out, the box is revolved once again to 
empty it more completely. The mixer itself is inexpensive, but the cost 
of erection and of raising the stone and sand often renders it less eco- 
nomical than more expensive machines. 

Cube mixers are also made on a frame and geared so that they may rotate 
while filling and dumping as illustrated in Fig. 85. 

The rotating mixers illustrated in Figs. 82 and 83 which contain deflec- 
tors, or blades, are usually mounted by the manufacturers upon a suitable 
frame, although in certain cases it is preferable to construct special timber 
framework, so that materials may be introduced and the concrete taken 
away more economically. The larger machines of this type are so con- 
structed that the materials can be introduced from derrick buckets, carts, 
or barrows. The rotating of the drum tumbles the material and also throws 
it against the mixing blades which cut and throw it from side to side. Most 
of these machines can be dumped while running, by tilting either them or 
their chutes. They are also provided with hoppers as shown in Fig. 83, 
or with loading skips or trays, operated by the engine that runs the mixer, 
which lift the materials from the ground up to the charging hopj)er as in 
Figs. 82- and 85. 

A different style of rotary machine is shown in Fig. 84. It consists of 
an open revolving pan in which are stationary plows which mix the concrete. 
The outljBt is through trap doors in the bottom. 

Of, the paddle mixers, those adapted to mix a batch Jit a time can be 
surely depended upon to produce good concrete than the continous 
^^^b&hines. Fig. 86 shows a duplex paddle mixer to be placed upon a 
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raised platform and fed by hand wheelbarrows or derrick buckets. The 
mixing paddles, on two shafts, revolve in opposite directions, and the concrete 
falls through a trap door in the bottom of the machine into carts, cars, or 
wheelbarrows, or upon a platform whence it is shoveled to place. 

The continuous paddle mixer with a single shaft and an open end is some- 
times used for a volume of ( oncrete ranging from 7^ to 150 cubic yards per 
day. Care should be taken that the materials arc thrown in near enough the 
up]jer end to be thoroughly mixed. I'he water is usually fed near the 
middle of the machine so that the materials are first partially mixed dry. 
They may be measured by shovelfuls, or by spreading in layers before 
shoveling into the mixer, or by automatic mac hinery which feeds the cement 
and each aggregate in the proper proportions. 



Fig 82 —Rotary Mixer (Sre p 258 ) 

Measuring the materials by shovelluls would seem at first thought likely 
to give a poorer quality of concrete then measuring in boxes or barrels, 
but mth a properly trained gang and periodic checking of the number 
of barrels of cement to a given volume of concrete, fair results may be 
obtained. At the Charlestown Bridge piers in Boston (see P'ig 92, p.-27o), 
the contractors, by changing off the men who shoveled into the mixdr so 
as to give them light work half the time, turned out (by steady work) 
concrete at the rate of about 17 cubic yards per hour. Each feeding 
gang consisted of five men, three shoveling gravel, one shoveling sand, 


Pio 84 — Revolvwnf Pan Mixer (See p, as*-) 
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and one shoveUng cement, the size of shovels being so arran^ that when 
all worked together the proper proportions were introduced. The two 
j rangs changed off every half-hour. 




Pio. 86.- Duplex Paddle Mixer. {Seep. *59 ) 

When the materials are measured and spread in layers before shoveling 
into the mixer, the machine shwdd be below the measunng platform, and 
two gangs of men employed, one on each side of the machine, so that one 
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batch may be prepared while aaother is entering the mixer. This seems 
like a very simple requirement, yet the authors have often seen a single 
gang measure out the materials on the ground while the machine stood 

idle, and then lift them to a 
height of perhaps 3 or 4 feet, 
while the mixed concrete fell 
to the ground to be shoveled 
into barrows. With such an 
arrangement, hand-mixing is 
cheaper than machine-mixing. 

Gravity machines, properly 
so-called, require no power, 
the materials being mixed by 
striking obstructions which 
throw tliem together in their 
descent through the machine. 
A gravity concrete mixer is il- 
lustrated in Gillmorc\s ‘Treat- 
ise on Limes, Hydraulic Ce- 
ments and Mortars, first 
published in 1863. In this 
machine the concrete fell into 
successive hoppers opened and 
closed by hand-levers. 

A well-known modern type 
of the gravity machine, shown 
in h"ig. 87, may be increased 
in length from 4 to 10 feet 
by adding different sections. 
In falling through the slant- 
ing tube the materials are 
thrown by the deflectors on 
the sides and the curved 
back — the deflectors also 
acting as tables upon which 
Fig. 87.— Gravity Mixers. {See p. 263.) the stones are coated with 
mortar — against several series of iron rods which mix them violently 
.]t<>^ther. The inventor claims that by this violence the cement is pounded 
. the fractures and indentations of the sand and stone so as to increase 

♦Page 229. 




hoppers at the top of the machine receive the materials in layers, with 
the cement at the bottom and the coarsest material at the top. FrOm 
these, on the opening of gates, the mixture falls into a single cone below, 
and thence at the will of an operator into a still lower cone, whence it 
drops into the car or other receptacle. The same type of mixer is used 
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wth aderrick so that the mixing progresses while the material isbeingswung ' 
to place. A series of cone-shaped buckets, telescoping each other when 
at rest, are connected with chains so that the concrete niaterials may be 
placed in the up{)er one and will fall when this is raised through an open- 
ing in the bottom to the next, and so on to the lowest bucket, from which 
it is dumped into the work by the oj^erator at the place where it is needed. 

Portable Concrete Mixing Machinery. Nearly all the types of con- 
crete mixers described are made, at least in their smaller sizes, so that 
they can be readily transported from one part of a job to another. 
few of them are adaj^ted for such work as laying a thin foundation for 
street paving, while the heavier machines are sometimes arranged upon 
cars running on a track, so that the concrete can be dropped directly into 
place from the mixer, or conveyed to place by an endless belt. 

On the Chicago & Western Indiana R. R.* a train was made up for 
preparing and deoositing concrete for retaining walls. Three or four 
cars carried the stone, sand, and cement, and from these the materials 

were conveyed by wheelbarrows to the mix- 
ing car, where the sand and stone were 
measured, dumped into the mixer, and thence 
onto a belt conveyor mounted upon a swing- 
ing steel boom like a derrick boom, which 
deposited at any point within derrick swing. 
The train was hauled by the winding drum 
on the same engine which operated the 
mixer, a cable running ahead to an anchor 
or *‘dead-man’' in the ground. 

In building a dam at Chaudiere Falls, 
P. Q.,j* tracks were laid just above and below 
the site of the dam and parallel to it, and a 
traveling platform containing the mixer was 
constructed so as to straddle the dam. The 



Fig. Sg-j-Measurer for Con- mixer discharged the concrete into the upper 

end of a tube fitted wuh a lower telescoping 
sectic^V' so that it could be deposited directly on any part of the dam. 
idiomatic Measurers for Concrete Materials. The accurate measur- 


ixiJKf concrete materials by mechanical means has not been extensively 


dfeveloped. One difficulty, if -methods of volumes are employed, lies in 
the iij^curacy of measuring cement by volume. 


^Engineering News^ Feb. 28, 1901, p. 149. 
^Engineering News, May 7, 1903, p. 403. 
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One patented device consists of several drums^ one for each material 
placed directly under the bins containing the cement, sand and stone, and 
rotating upon the same horizontal shaft. The quantity of eaqh material is 
regulated by the posi tion of the gates in the bins and by the speed of rotation. 

Another machine delivers the different materials through separate 
troughs containing Archimedean screws. 

Another type of measuring machine, the working of which is illustrated 
in Fig. 89, consists of one or more bottomless storage cylinders, from 
under which the material flows out on to revolving discs or tables, and 
is peeled off by stationary adjustable knives which rest upon the discs 
and project into each material a distance determined by the quantity of 
each required. 

A partially automatic measuring arrangement was employed on one 
section of the Boston Subway, in 1896. Each material fell into a closed 
chute arranged with gates at such distances ajiart as to enclose the required 
volume, whence it dropped into a hopper above the mixer 

Proportioning by Weight. Attention has been called on page 217 to 
the fact that not only cement, but also sand, stoni‘, and gravel, can be more 
accurately proportioned by weighing than by volume measurement When 
a large amount of concrete is to be mixed, it is possible to airange apparatus 
for weighing each material in such a way that less labor will be recjuired 
than for proportioning by volume. The first cost of the scales may often 
be more than counterbalanced by the accuracy in proportioning, which 
permits of le«iner mixtures, while at the same time greater uniformity is 
assured. 

In view of these facts, the authors predict that engineers will gradually 
recognize the advantage of proportioning bv weight In most cases ex- 
cessive cost may prohibit the use of standard scales, l^ut if the materials 
are accurately screened and sulidivided, -the relative weights of each on 
the same job will be so nearly constant that the weighing can be performed 
by a simple system of counterweights and levers With properly con- 
structed gates to the bins it might be possible to arrange for their auto- 
matic closing after the required weight of each material had been received 
in the hopper. 

Measurements by weight are employed to excellent advantage by War- 
ren Brothers Company at their various plants where the materials, which 
consist of stone, sand, and binding material, are prepared for their bitu- 
minous macadam pavement. Eight bins containing aggregates of different 
coarseness drop their materials through gates into a hopper which forms 
the platform of the scales and is located directly above the mixer. The 
scale-beam is compound, with as many arms as there are ingredients to 
be weired, and each of the arms has a sliding weight and a stop so ar-> 
ranged that the sliding weight can be moved only to the point on the beam 
which will balance the required ,wei^t of one of the materials. Whqn the 
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sliding weights are all at zero and the hopper is empty, the scale balances. 
The weight on one of the arms is moved out by the laborer who operates 
the apparatus until it comes to the stop fixed at the point corresponding 
to the weight of the material to be used from a certain bin. The gate of 
this bin is opened, and the material allowed to run into the hopper' until 
the scale balances. The weight on the next lever is then slid out, and the 
second material deposited in like manner upon the first. When all the 
materials are thus weighed, the entire mass is dro])ped into the mixer below. 

Measuring Water. The water for each batch of concrete should be 
measured. The quantity of water used in different batches must be varied 
occasionally because of the conditions of the materials, but even in such 
cases the amount can be regulated best by measurement. A tank with a 
float connected with an indicator on the outside is easily constructed. 

CONCRETE PLANTS 

. The design of the jflant for handling the raw materials and the concrete 
usually has more to do with an economical ])roduction than the type of 
the mixing machine. The plant should be drawn or sketched on paper 
and accurate estimates marie of its cost and the expense of operation, so 
as to determine whether the volume of concrete is sufficiently large to 
warrant its installation. 'Fhe authors liave occasionally seen expensive 
machinery, which could not be readily transported to another job, installed 
on a section of work where, because of the small total volume of concrete 
and on account of its distribution,1iand mixing was really more economical. 

It is evident that the arrangement of any filant must be determined by 
local conditions, such as the contour of the ground, the distance from 
which the raw materials are transj)orted, and the class of construction. 
A description of several plants, successful and economical in operation, 
may afiFord suggestions for other work. The illustrations are intended to 
show the arrangement of the gang and conveying machinery rather than 
the type of mixer. 

Platform over Mixer. A common practice wdth mixers of various 
types, where the conformation of the ground permits, and where the 
quantity to be laid does not w^arrant the introduction of bins or machinery 
for handling the aggregate, is to locate the platform for rheasuring materials 
directly above the mixer. W hen ready they are shoveled through a hole 
in the planking into the machine. One gang of men can measure and 
atoad the materials for a' batch w'hile another is shoveling it in. If the 
jm^er is run as a batch machine, the materials may be measured directly 
a hopper above it. 
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A satisfactory arrangement for a stationary batch mixer is illustrated in 
Fig. 90. The bin above the hopper is divided into two compartments for 
the sand and stone, and these arc measured by feeding them to definite 
heights in the hopper, while the cement is dumped into the chute in front. 



Building Construction. The concrete for building construction may be 
elevated in buckets running in a light timber frame or on steel guides as 
shown in Fig. 91. 


A TREATJS&:6ir COi^CRETB. 

Plant. The establishment oj a central plant from'' which the 
. mbw<l concrete may be hauled to various points as required may be ecb.riqihU'‘ 
in some cities or large towns. This plan has been adopted in 9 ti Louis^.:. 
Ma,* for concrete, and is employed in miny places for tat and ^phalt 



91 •-■-^wtoniatic Dumping Concrete Elevator. ( 5 e<? />. 367.) ' 

paving. The plant- may be located at a gravel bank or stone crusher, 
^or near a railroad siding, permanent machinery provided which will mijt^ 
at a much lower cost than could be done by hand'-niixihg, 
concrete hauled in carts to the work at but slightly higher, cc^t 
/ bauli^ of the dry naaterials. Most Portland cement' 

\ Harch 10,1904* p* ^31* '' ' 
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cr^te will not be injured (see page 157) if laid within an hour or twc 
after mixing. 

Charlestown Bridge Pier. An' economical handling of materials and 
concrete, where the only machinery was the concrete mixer, is shown in 
Fig. 92, which illustrates the building of the foundation for the draw pier 
of the Charlestown Bridge, Boston.* The gravel and sand were brought 
on scows and deposited so near to the mixer as to require only a short 
throw or wheelbarrow haul, and were then measured by shovelfuls, as 
described on page 259. Eight wheelbarrow men, in single file, conveyed 
the concrete from the paddle mixer, which is shown just to the right of 
the central mast, along the circular run, then on to the turn-table to the 
chute for depositing it under water. The entire gang consisted of some 
thirty-five men, and when working steadily they laid at the rate of about 
170 cubic yards of concrete in ten hours, which may be considered a 
maximum output for a machine of this character, the more usual quantity 
being from 75 to too cubic yards per day of ten hours. The method of 
depositing concrete from the chute is described on page 303. 

Harvard Stadium.f At the Harvard .Stadium the builders, the Aber- 
thaw Construction Company, erected a movable tower on each side of 
the .site, and the buckets of concrete and the seat slabs J were then taken 
from cars and conveyed by the cable suspended between the towers to 
the point where they were needed. 

Chicopee River Dam. In mixing concrete for a dam acro.ss the Chic- 
opee River in Massachusetts, the contractors utili/.ed a portion of the 
excavation by locating their mixer against a bank and building out over 
it a covered jilalform containing the hopper from which the materials 
could be dropped dirci tly into the mixer. Stone from the excavation was 
cru.shcd and elevated to storage bins, whence it was hauled by carts holding 
exactly the quantity required for a batch, and dum])ed directly into the 
hopper above the mixer. The .sand was measured and wheeled to the 
hopper in -an iron vehicle consisting of a bucket set on two large wheels 
which dumped into the hopper by rotating on its axis. The cement was 
emptied on top of the sand. One batch was mixing in the machine while 
another was being emptied into the hopper, and thus twenty batches could 
be handled per hour. 'Fhe concrete was dumped from the mixer into 
carts which conveyed it to the dam. 

Cambridge Electric Light Station. A portable mixing plant em- 

*Sixth Aonual Report Boston Transit Commission, 1900. 
fSec Frontispiece. 
tSee chapter xxiv. 
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Fig. 92. — Depositing Concrete of Draw Foundation Pier, Charlestown Bridge. (See p, 269.) 
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ployed on the Cambridge (Mass.) Electric Light Station is shown in Fig. 
93. The special feature of the arrangement is the framework containing 
the mixer. This may be taken up by the derrick, which also supplies it 
with raw materials, and moved in a few minutes to any other position 
within derrick swing, so that the concrete can be dropped from the mixer 
close to or directly upon the place where it is required. 

East Boston Tunnel. For measuring materials brought in cars to 
the work, the contractors for one of the entrance sections of the East 



Kio. 93.— Portable Mixing Plant. (Seep, 2^1.) 


Boston Tunnel employed a derrick bucket. The stone was first filled in 
to a height determined by a gage, then the sand was shoveled on top of it 
and struck off with a different gage, and finally the required number of 
bags of cement emptied on top of the sand. The bucket was taken by a 
derrick and dumped into a duplex mixer. 

Gambridge Bridge Piers. When the quantity of concrete to be laid 
warrants the installation of the necessary machinery, economy requires 
that the stone and sand shall not be handled at all by laborers. If the 
stone is crushed on the spot, it may be raised to bins above the mi.Ker 
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jsnaten J^-f 

. Fig. 94.— Mixing Plant Employing Belt Conveyor. {See ^.273.) 



MIXING CONCRETE 


m 

by bucket elevators or belt conveyors, while a simijar plan for elevating 
the material may sometimes be advantageously followed where giavel is 
used. In building the substructure of the Cambridge Bridge, Boston, 
Mass.,*** the concrete plant v^as located on a pier resting < n piles. The 
gravel for the concrete was dredged from the harbor and dumped from 
scows into the water dose to the pier. An “orange peel” bucket, operated 
from a dredging machine on a scow, lifted the graxcl, and dropped it into 
a hoppei whence it ran by gravity upon the combination inclined screen 
described on page 240, which separated the Siind, pebbles, and the coarse 
wa«tc material. Bucket ele\atois laistd the sand and pebbles to bins 
above the mixer, and from the bins, which were \ shaped, the materials 
fell by gra\ity into the measuring lioppers These were ai ranged in two 
sets, an essential recpiiiement for maximum out])Ut, so tli.it one batch 
could b^ measuied while another wa being drojipcd into the mixer The 
barrels of cement were brought fiom the cemnit '-hed l)\ a horizontal 
endless chain, opened on the giound under the mixer, and then three 
barrels, enough foi one liaUh, were raised at one time hy a bucket elevator 
to one of the hoppens over the mixer 

Williamsburg Bridge Pier. \ method of measuring the materials in 
cars was adopted in building one of the anchorages of the hast River 
Bridge, New York The (cmcnt ind sand were sloicd m bins, and fell 
b> gravit} into cais whose capacities were equal, ics] ccliveh, to the volume 
of stone and sand rccjuiied for a batch Between the tracks u])on which 
these cais ran weie two holes m the ground into each of which could be 
lowered a box of sufluient H/e to hold one batch of the liiokcn stone, sand, 
and cement Bv tipjiing the mcMsuiiiig cai the biokeii stone was dumped 
into the box, the sand tell from another cat through a I raj) door, and the 
cement was dunijicd in from the bags, Aftci Idling, the l)ox was raised 
by a derrick and dumjicd into the mixer. 

Parsippany Dike. An endless rubber belt furnishes an excellent means 
for handling concrete raw materials in i station irv plant The width 
of the belt should be not less than t8 inches ind the slojie no greater than 
about 22®, which corresponds to 2^ feel hori/onkd to one foot vertical. 
Idlers for giving the jiroper \ shajic to tlie belt were plac ed at proper inter- 
vals. 

The plan in Irig. 94, page 272, shows the design by Mr William B 
Fuller of a plant used at the Parsippany Dike of the Jersey City Water 
Supply Co,, N. J, The sand was brought to the bins and the stone to 

♦For hill detcnption see article by Sanford E. 1 hompson in Fngtneertng News, Oct 17, 1901, 
p, aSa. 
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the crusher in wagons. A ])ell conveyor delivered the crushed stone to 
the bins. At the outlet of each ])in a measuring hopper (shown in a 
detail section, in Fig. 94), containing about 8 cubic feet, received the 
sand or stone from the bin, and at the ring of a bell the proper 
quantity of each material for one batch of concrete was dropped upon 
the conveying 1)e]t. The cement was emptied from bags pn top of the 
sand and stone as they were carried past the cement shed. The bin 
over the mixer liad two hoppers. As soon as a batch was delivered 
to hopper No. t, the bell was rung again and another batch started into 
hop])er No 2 , and while this was filling No. 1 batch was dumped into 
the mixer. 





Fig. ()5. Mixing ])lanl at Paine.svillc nrirlgo. {See p. 275.) 

Blackwell’s Island Bridge Piers. At a plant of somewhat similar dc 
sign built for the iiier.s of the blackwelFs Island bridge, N. Y., the sand 
and stone were measured in cars running on a track below the bins, so that 
they could be moved from one gate to another and discharged at any 
point through trap doors on to the belt between the rails. The stone was 
carried up from the crusher by another belt to the top of the bins, where 
iP fell off the belt on to an inclined screen, and rolled into a bin, while 
the dust, passing through, dropped on to another short belt which carried 
it to another bin to be used as sand. 
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Jerome Park Reaervoir.* During the construction of the reservoir at 
Jerome Park, New York City, in 1906, the concreting of the large bottom 
and slope areas was systematically arranged by using a number of medium 
sized rotary batch mixers, each with a separate gang with wheelbarrows. 
The mixers were moved from time to time. 

Ohalmette Docks at New Orleans.t 'rhe concrete for the slip walls of 
the Chalmctte Docks, New Orleans, was handled and mixed by a portable 
plant on standard gage tracks, consisting of a Hat c ar with a 2-cubic yard 
hopper at each end which sup[)licd sand and gravel to inclined belt con- 
veyors. These discharged into a 3-ciibic yard ho})pcr with an undercut 
gate placed above a 3-^’^H>ir yard rotary mixer at the center of the 
car. Cement was supplied the mixer by hand from a storage platform 
on the side of the car, and water, from a pipe laid along the wall with hose 
connection at convenient inlcr\'^als. 

Painesville Bridge. A unique method of handling concrete at the 
Painesville Bridge of the L. S. ^ M. S. R. R., completed in 1909, is illus- 
trated ini 'ig. 95. Concrete was elevated in towers at each end of the bridge 
and llowed in movable spouts by gravity to place. 



Fig. 96. — Two-wheeled Concrete Car, {See p. 277.) 


Engineering News, Sept. 21, 1905, p. 298, 
* -f Engineering Record, July 29, 19(56, p. 88. 
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CHAPTER XV 

DEPOSITING CONCRETE 

The actual handling and placing of the concrete after it has been mixed, 
and the construction of forms for ordinary mass work, are treated in this 
chapter. Forms for building construction and conduit construction are 
illustrated in su])soquent chapters on these subjects. 

Since the introduction of concrete into engineering construction, the 
opinions of engineers regarding the best methods of placing ij have com- 
pletely changed. For water-tight work or for the strongest construction 
it is now recognized that the concrete should resemble as heady as possible 
one single solid mass of stone with no joints, and it is the usual practice, 
although not universal, to specify a ‘‘quaking,*’ jelly-like consistency, 
while many authorities go still further and require water enough to be 
“mushy” or sloppy. Formerly, for all classes of work, concrete was 
mixed but slightly more moist than damp earth and laid in alternate blocks 
6 to 12 inches thick. Then, after hardening, the forms were removed, 
and the spaces betwt'en filled in. 

HANDLING AND TRANSPORTING CONCRETE 

In handling and transporting concrete, it is essential to prevent the 
separation of the stones from the mortar. In hand -mixed concrete, 
especially for thin walls requiring the stud to be carried in buckets, there 
is a tendency to allow the stones to separate on the mixing platform so 
that a lot of them fall together when cleaning up the last shovelfuls. 

With the modern slow-setting cement, and in view of the accepted belief 
that some time may elapse after mixing without injury to the work, there 
is less difficulty than formerly in handling the concrete, and it can be readily 
transported to a considerable distance. Moreover, a wet mixture is much 
easier to handle, because the stones do not so readily separate from the 
mass. 

The usual vehicle for transporting hand-mixed concrete is a wheel- 
barrow. For machine-mixed concrete, derricks are suitable if the mass is 
concen^ted near the mixer, otherwise cars running on a track, or in some 
ca^s Wagons, afford a means of conveyance. A combination of car, and 
work is readily effected by using flat cars with derrick buckets or 
^feys upon them^ Galvanized iron buckets are sometimes useful when, 
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building by hq-nd st high, thin wall. A bucket elevator is a poor contrivance 
for elevating concrete. The mortar sticks to the buckets and the ingre- 
dients of the concrete separate as it is thrown from them. 

* Volume and Weight of Loose Concrete. The volume and weight of 
loose concrete is of importance in designing the implements or vehicles for 
transporting it and in estimating the quantities which can be handled under 
different conditions. The weight of well-proportioned concrete after 
setting, as stated on page 3, generally ranges from 143 to 155 lb. per cubic 
foot. When green, it will weigh, after ramming, slightly more than this, 
say from 150 to 160 lb. The weight per cubic foot loose, that is, in the 
vehicle which transports it from the mixer to place, depends largely upon 
the consistency. If mixed very wet, it will settle down to very ‘nearly 
the volume it has after it is placed, perhaps within 5% of it; but if of dry 
consistency, the volume of the rammed mass is apt to be as much as 25% 
less than the loose. A fair average weight of loose concrete may be es- 
timated, then, at about 140 lb. per cubic foot, or 1.9 tons per cubic yard, 
when mixed wet, and 120 11). per cubic foot, or j.6 tons per cubic yard, 
when mixed dry. The weights and volumes vary, of course, with the j)ro- , 
portions used in the mixture and the specific gravity of the stone in the 
aggregate, but for rough estimates these figures are sufficiently accurate. 
The volumes of loose mixed concrete required for a cubic yard of rammed 
concrete, based on the above ])ercentages, are 28 cu. ft. of a very wet 
mixture and 36 cu. ft. of a dry mixture. 

The volume of concrete contained in an iron wheelbarrow load of average 
size is T.9 cu. ft. place measurement. A large load is about 2.2 cu. ft. 
place measurement. Special concrete barrows are also made with a capacity 
uj) to 6 cu. ft. (.see Fig. 96, p. 275). Further data is given in Chapter I. 

A single cart on ordinary construction roads will carry about half a 
batch of concrete of average proportions, which may be assumed as i 
barrel cement to 2J barrels sand to 5 liarrels stone, while with a properly 
constructed cart which will not overflow or leak, 50% mere than this, or 
about three-quarters of a batch, can be drawn over macadam and paved 
streets. 

DEPOSITING CONCRETE ON LAND 

The methods which may be selected for depositing concrete depend 
largely upon its consistency. If mixed wet, it can be dropped vertically 
to any depth or passed through an inclined trough or chute. On the other 
hand, the stones in a dry mixture, that is, of damp earth consistency, will 
separate from the mortar on. the slightest provocation. 

To prevent the ingredients separating when passing down an incline, if 
the mixture is not plastic enough to prevent the stones running away from 
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the mortar, a pipe with a jxr pper top and composed of two or more tele- 
scoping sections about 15 inches in diameter is often employed. In such 
a case, the pipe must be ')tt^n moved or the material shoveled away imme- 
diately, to prevent its farming a high cone. Sometimes it is convenient to 
run the lower end of the pipe into a hopper with a gate at its mouth, sc that 
the concrete may be drawn out into a veliicle, while the pipe and hopper 
are kept conlinualb full.* 

The illustration in Fig. 07 .shows at how flat a slope concrete of very 



Fk;. u;.— D cj)ositing Concrete through a Trough. {See p. 278.) 


wet consistency will run through an open trough. The picture is an 
actual construction photograph of the Jersey CAiy Water Supply Con 
duit, and shows the concrete flowing directly from the mixer to the 
crown of the arch. Mr. William B. Fuller, the engineer, states that 
when the concrete is mixed of exactly the consistency he likes, it will 
easily run through an iron trough 15 inches wide by 4 inches deep, set on 
a slope of 8 feet horizontal to i foot vertical. 

, ■ For water-tight work or for maximum strength the concrete should be 

" ^Engineering News, Dec. 25, 1902, p. 537. 
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placed so as to form a monolith. To do this on a large structure two or 
three shifts are employed in twenty-four hours, so that no portion of the 
mass commences to set until fresh concrete has been laid on top of it. In 
a large reservoir wall at Little Falls, New Jersey, Built en masse to sustain 
40 feet head of water, the only point where the moisture a])pcared on the 
surface was at a layer where the work was stopped for one hour at noon. 
In most struc- 
tures it is pos- 
sible to divide 
the work into 
sections, each 
of which is a 
monolith. 

Monolithic 
construction is 
necessary for 
columns, beams 
and floors. 

A tipping car 
for conveying 
concrete on a 
track and 
dumping it into 
place is shown 
in Fig. 98. 

In a thin wall 


or a structure 
requiring espe- 
cial care, such Fio. <)S. Dumping c'ar. {See p. 270.) 

as a tank, it 

may be advisable to shovel the concrete from the wheelbarrows. Stones 
which tend to separate can be thus mixed in with the mortar in the wheel- 
barrow and a very thin layer formed in the molds, so that even if the 
concrete is mixed very thin the mortar cannot run off from the stones. 



CONSISTENCY OF CONCRETE 

The terms for specifying the consistency, or degree of plasticity, of 
fleshly mixed concrete are variously used by different engineers. In this 
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treatise the term dry mixture is applied to concrete of the consistency of 
damp earth, from which the water rises to the surface only after prolonged 
ramming, and then simply in a glistening film. A medium or quaking 
mixture means a tenacious, jelly-like consistency, which shakes on ramming. 
A very wet or mushy mixture is one which will not support the weight of 
a man and into which an ordinary rammer will sink of its own weight; 
it will run off a shovel unless shoveled very quickly, and will spread out 
and settle to a level surface after wheeling about 25 feet in a wheelbarrow. 

The proper consistency, or wetness, of concrete is a disputed point among 
engineers, some still holding to the very dry mixture, while others prefer 
one nearly as. liquid as grout. As a result of a series of tests and of prac- 
tical experience, the authors advocate varying the consistency according 
to the class of work, and i)resent the following general conclusions: 

Medium or quaking concrete is adapted for ordinary mass con- 
crete, such as foundations, heavy walls, large arches, i)iers, and abutments. 

Very wet or mushy concrete is suitable for rubble ( oncretc and for re- 
inforced concrete, such as thin building walls, columns, floors, conduits, 
and tanks. 

Dry concrete may be cmjdoyed in dry locations for mass foundations 
which must withstand severe compressive strain within one month after 
placing, provided it is carefully spread in layers not over 6 inches thick and 
is thoroughly rammed. 

The experiments of the authors show that while dry concrete, very 
carefully mixed and rammed, is stronger on short time tests, medium 
mixtures will attain nearly equal strength in six months’ time. One of 
the arguments against very dry mixtures is the dilliculty of obtaining a 
uniform consistency. Occasional batches will invariably be too dry, and 
it is impossible with ordinary care in placing and ramming to avoid visible 
voids or pockets of stone which form weak places and allow the penetra- 
tion of water. 

The 1903 specifications of the American Railway Engineering and 
Maintenance-of-Way Association arc as follows: 

The concrete shall be of such consistency that when dumped in place 
it will not require tamping; it shall be spaded down and tamped sufficiently 
to level off and will then quake freely like jelly, and be wet enough on top 
to require the use of rubber boots by the workmen. 

A very wet mixture is more suitable for rubble concrete or concrete 
rubble because the large stones more readily settle into place and bed 
themselves In thin walls very wet concrete can be more easily ** joggled** 
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into position so as to conform to the molds and give a smooth surface. 
The use of a mixture sufficiently wet to flow under and around metal rein- 
forcement has been found by Prof. Charles L. Norton (see p. 328) to be 
one of the essentials for the preservation of the metal. 

Stone pockets may occur even with very wet concrete because of the 
mortar running away from the stones. This may appear an imaginary 
danger \o many users of concrete who have never employed a very wet 
consistency, but the authors have seen concrete mixed with too much water, 
which after setting and the removal of the forms liad the appearance of 
being mixed too dry. In their opinion, however, the limit of wetness for 
many classes of work is not reached until there is 

I I so much water that with ordinary care in hand- 
I mixing it cannot be made to incori)orate with the 
I other materials. 


•iO 


@ 


2' 


0 


BAMMING OR PUDDLING 

The method of (ompacting the concrete or 
forcing out the air after i)Iacing, and the kind 
of tools to employ for this, depend upon the con- 
sistency of the material. 

In concrete mixed with a small amount of water 
the thi('kness of layers is usually specified at 6 to 
10 inches, the former lieing the most common, but 
with a very wet or mushy concrete 12 to 15 
inches may be placed at once, the chief object 
being to expel bubbles of air by j)uddling* or 
joggling. In using very wet concrete there is 
danger of too much ramming, which results in 
Fio. 99. - Rammers for wedging the stones together and forcing the liner 
9 j^^crete. (See material, the sand and cement, to the surface. 

^ The style of rammers ordinarily used for dry 

mixed or medium concrete are similar to the forms shown in Fig. 99. 
The style on the left of the figure is the ordinary type, and on the right 
is a style convenient for use close to the forms. 

The rammer shown in Fig. 100, page 282, which weighs about 8 
pounds, is the design of Mr. William B. Fuller for very wet or mushy 
concrete. The handle may be lengthened, as shown, hy screwing a pipe 
coupling on to the wood. 

A “post-hole” tamping bar with iron shoe, shown in Fig. 101, has been 
;toccessfully used by the authors for mushy concrete. A piece of 2 by 
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3-inch studding cut to the required length and smoothed off so as to be 
readily grasped by the hands is also a serviceable tool. 



PIPE OOUPUNQ 


A pneumatic rammer built on the principle of a 
pneumatic riveting machine, as illustrated in Fig. 
102, has been used upon* dry mixed concrete with 
fair success. 

Mr. Rafter and Mr. Daniel F. Fulton have de- 
signed a rammer based on the principle of the steam 
drill which is arranged upon a traveling carriage 
resting upon cross girders which run on tracks. A 
speed of from 400 to 600 strokes per minute may be 
maintained with from 4 to 5 horse-power. For 



PLAN 

Fi(i. 100.— Rammer for 
Mushy ('oncrctc. 
{See p, 28].) 


ramming street pavements, it should cover 600 to 
800 linear feet of a street 30 to 40 feet wide. 

Mr. Clarence R. Nehcr, an advocate of wet con- 
crete, rci)lics to an inquiry of the authors in regard to 
rammers, as follows: 

I am governed so much by conditions that I use 
no standard tool, the [)rinciple being to use a wedge- 
shaped rammer of some kind. For the face of the 
work nothing appears muth better than a common 
sj)ade. This is useful in pushing back stones that 
have separated from the mass, and also can be used 


to select the softer and finer })ortioii6 of tlie mass 
and ])lacc at the face, while working the spade up 
and down along the face until it is thoroughly 
filled. Care must be taken not to pry with the 
spade, as it will spring the form outward unless ex- 
cessively strong. 

In narrow forms where a man cannot stand in the 
concrete, a piece of 2-inch by 3-inch scantling, — 
with the upper portion rounded to make a con- 
venient grip and the tamping end wedge-shaixjd, 
— of a length determined by the depth of the form, 
is convenient and cheap. 

In heavy mass work I prefer this same form of 
rammer to the ordinary type, and thoroughly in- 
corporate the different deposits together, avoiding as 
much as possible a smooth, flat finish, so frequently 
insisted on. I consider the use of the term, “layers’’ 



as describing just what vou do not want. I deposit « « 

as much concrete m a form as the rammer will Mushy Concret£. 

penetrate and enter into the deposit below. The {See, p, 281.) 
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amount will thus be governed by the size of the form and method of 
filling. 

In elevator foundations we have filled columns 3 feet by ii feet by 22 feet 
high in five hours, dumping 14 cubic feet at a lime, and not trimming, but 
. shoving the rammer through the mass. The work is absolutely free from 
voids. 

Labor of Ramming. The number of men required for leveling and 
ramming concrete depends upon the thickness of the wall and the con- 
sistency of the mass. 

In the table of concrete data 
in Chapter I, page 9, we have 
specified 1 1 cubic yards as the 
work of an average man in ten 
hours, including both leveling 
the material as it is dumped from 
barrows and the actual ram- 
ming. This figure is based 
upon actual records of a large 
number of jobs where the 
concrete was laid of the medium 
consistency most commonly 
employed in ordinary mass 
work. Similarly, a large day’s 
work is placed at 16 cubic 
yards. Mr. George W. Rafter 
writes the authors that 4 cubic 
yards is about an average day’s 
work for an Italian laborer on 
dry mixed concrete. Mr. Neher 
estimateSjfor ordinary conditions 
10 to IS cubic yards of 
wet concrete per man per day Fig. T02.—Pneumalic Concrete Rammer, 
with an average of about 12 {Seep, 2^2) 

cubic yards per ten-hour day. Mr. Fuller, who employs a still wetter 
mixture, considers 25 to 50 cubic yards a day’s work for a man jog- 
gling. 

On the author’s basis of ii cubic yards per day, the average cost of 
leveling and ramming mass concrete with labor at $1.50 per day, allowing 
■ for superintendence and contractor’s profit, is about 18 cents per cubic 
yard. For a 4 or 6-inch wall the cost may be two or three times this figure. 
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BONDING OLD AND NEW OONORETE 

In a foundation or other structure where the’ strain is chiefly compres* 
sivc, the surface of the concrete laid on the previous day should be cleaned 
and wet, but no other precaution is necessary. Joints in walls or in other;, 
locations liable to tensile stress are coated with mortar, which should be, 
richer in cement than the mortar in the concrete, proportions i: 2 being 
commonly used. 

Some engineers spread the cement dry upon the wetted surface of the 
old concrete, while others make it into a mortar; the latter method is 
necessary in many cases to seal the joints between the.top of the old concrete 
ahd the bottom of the raised forms. 

The adhesive strength of cement or concrete is much less than its co- 
hesive strength, hence in building thin walls for a tank or other work which 
must be water-tight, the only sure method is to lay the structure as a 
monolith, that is, without joints. If the wall is to withstand water pressure 
and cannot be built as a monolith, both horizontal and vertical joints must 
be first thoroughly cleaned of all dirt and ‘‘laitancc’^ or powdery scum, 
wet, and then covered with a very thin layer of either neat cement or i : i 
mortar, according to the nature of the work. As an added precaution, 
one or more square or V-shaped sticks of timber, say 4 or 6 inches on an 
edge, may be imbedded in the surface, or placed vertically at the end of a 
section, of the last mass of concrete laid each day. In some instances 
large stones have been partially imbedded in the mass at night for doweling 
the new work next day. 

In the New York Subway, work was commenced with no provision for 
bonding horizontal layers, but it was soon found that more or less seepage 
occurred, and in one case where a large arch was torn down the division 
line between two days’ work was distinctly seen. Accordingly, at the end 
of each day’s concreting a tongue- and-grooved joint was formed by a 
piece of timber 4 inches square partly imbedded in the top layer. This 
was removed before resuming work. 

Roughening the surface after ramming or before placing the new layer 
will aid in bonding the old and new concrete. 

Acid* is sometimes used for cleaning and roughening the surface of the 
set concrete. The acid must be thoroughly washed off before placing the 
new concrete or mortar. 

In reinforced concrete, joints should be made so as to least affect the 
strength. In columns, joints should be made at lower surface of girder or 
at bottom of haunch, if any. In a floor system, or in reinforced walls resist- 
ing pressure, it is best to make the joints perpendicular to the surfaces at; 
or near the center of the span. 

* See U. S. Letters Patent No. 800942. 
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CONTRACTION JOINTS 

Temperature changes are apt to produce ccmtraction in concrete in air 
because in temperate climates most concrete is laid during the warm 
season. Moreover, it is generally recognized that while setting and hard- 
ening in air, concretes and mortars contract for a period. 

It is probable that this contraction may be due, in part at least, to the 
cooling of the cement, which when setting attains a high temperature.* 
This is further evidenced by the fact that cracks in a thin building wall, 
4 or 6 inches thick, open up within a few weeks after being placed, while 
heavier walls may not crack for several months. The concrete in the 
interior of a mass like a large dam cools very slowly, and records at the 
Boonton, N. J., dam indicate that the contraction cracks continue to 
increase in width for several years. The interior of a large mass like 
this is but slightly affected by atmospheric changes, and the cracks are but 
slightly wider in winter than in summer. In the Boonton Damf no cracks 
were discovered during the lirst winter, but in the second and third winter 
seasons numerous vertical cracks developed. During the fourth and fifth 
winters all these cracks re-opened, but no new ones appeared. It was 
noticed that the (Tacks which were largest during one winter might be 
smaller the next, and be exceeded in width by some which were smaller the 
prevmus season. Approximate measurements gave: seventeen main cracks, 
2.5 inches; sixteen smaller cracks averaging ^2 0.5 inch; thirty-three 

half cracks, averaging inch, 0.5 inch; with a sum total of 3.5 inches for 
a length of 2150 feet masonry. I'he main cracks occurred at (juite 
regular intervals of about too feet except near the ends of the dam. It was 
apparent that proportionally more cracks developed in that portion of the 
dam in which the masonry was laid during the warmer munths. 

Special measurements made upon a retaining wall along the Boston and 
Albany Railroad tracks at Newton Highlands, showed that for a length of 
wall of 673 feet the total contraction for a given jKjriod amounted to t ia inches. 
The range of temperature of the wall during this time was about 30°, 
which corresponds closely to the theoretical range necessary to produce 
the contractions, for assuming the coefficient of expansion to be 0.0000055, 
as given on a succeeding page, the range should be 32.^°. 

Measurements were made by one of the authors of widths of opening of 
contraction joints in a long warehouse in Cincinnati, and found to agree 
almost exactly with that which would be expected by the range in temperature. 

In an ordinary wall, if no cracks occur after nine months’ setting there 
is apt to be no further danger, although after joints once form they will 
vary in width with the variations in temperatures. 

*Sce page 130. 

t Transactions American .Sodety Civil Engineers, Vol. LXIII, 1909. 
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Contraction in concrete walls is provided for by forming joints at intervals 
to divide the wall into separate sections, and confine the cracks to straight 
lines, or else by reinforcing with sufficient steel to withstand shrinkage. The 
use of steel reinforcement is treated under Retaining Walls in Chapter XXVI. 

Joints in vertical walls may be made simj)ly by placing a temporary dam 
between the molds to remain until the concrete has set, when it is removed 
and the next section is tilled in. To be sure of clear-cut cracks, however, 
it is necessary to insert non-adhesive material, as indicated below. In a 
reinforced wall rods may be run through holes in the dam if it is desired to 
tie the two sections together. If the old work has thoroughly set and the 
rods project only a few inches into the new, the adhesion between the old 
and new work will be so slight that a joint which will open as the concrete 
shrinks will be formed at the desired ])oint. For bonding the two sections, 
a V-shaped groove may be molded into the part first laid, or alternate courses 
may be lapped or toothed out. 

As a rule only contraction joints need to be j)rovided, since expansion 
merely compresses the concrete. Sometimes, however, as in a long wall 
with recesses or in a reservoir Hour with a c hannel in the middle, the expan- 
sion may cause a break at the angle. In such cases, water-tight joints 
may be made by leaving slits about J inch wide and filling them with a 
])laslic material, one of the best for this ])Ui*))ose being i)ure as])halt of medium 
hardness. Jame dust is sometimes mixed with the asphalt. Another 
way of forming a joint is to insert tw<) or more thicknesses of roofing pa])cr. 

In building the concrete filter tanks at Little Falls, N. J., which are 
15 by 24 feet in horizontal area and rest u])on conc rete girders, the walls 
of adjoining tanks were laid on different days, and thus kept separate 
from each other. (Contraction is provided for in each tank by sloping 
the ledges on which its walls rest, so that, in case of contraction, they will 
slide without cracking. 

.\t the same plant* occasional cxj)ansion wells or vertical openings were 
built the entire height eff the 40-foot retaining wall, to confine cracks to 
these places, and later, in cold weather, when the cracks were furthest open, 
these w’ells were fdled with concrete. 

From practical exjierience it ajipears that heavy walls require fewer con- 
traction joints than light ones. In concrete retaining wall construction in 
Chicagof joints formed every 50 or 60 feet oi>ened up quite noticeably in 
cold weather. Where the walls were of small cross-section a hair crack 
appeared half-way between the joints, tending to show that in thin walls 
joints should be provided about every 30 feet. 

* Transactions American Society of Civil Engineers, Vol. L, p. 406. 

f^The Coefficient of Expansion of Concrete,” Journal Western Society of Engineers, Vol. VI, 
p. 549 * republished in Engineering News. Nav 21- i<k>i..d. 180. 
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By properly distributed reinforcement, cracks may be made so small as 
to be unnoticeable. (See Chapter XXI.) 

The Harvard Stadium, 575 feet in net length or 1390 feet measured 
around the U, which is illustrated in our frontispiece, is an example of the 
possibility of providing sufficient steel to withstand the contraction due to 
hardening and temperature changes. 

Prof. William 1 ). Pence, by very careful experiments at Purdue Univer- 
sity, in 1899 to 1901,* determined the ct>cfficient of expansion of concrete in 
air from changes of temperature to be 0.0000055 per each degree Fahien- 
heit. He experimented with Portland cement concrete mixed in proportions 
1:2:4 broken stone and 1:2:4 gravel. 'I'he aj)j)aratus was designed to 
give extremely accurate results, and the variation in the coefficient of ex- 
pansion in the different tests was from 0.0000052 to 0.0000057 degree 
Fahrenheit. Two brands of Portland cement were em|)loyed, and in the 
broken stone concrete, two different stones. 'Pho average result for the 
gravel concrete was 0.0000054 \kt degree Fahrenheit, and for the broken 
stone concrete 0.0000055 per degree Fahrenheit. l*rof. IY*nce concludes 
that “the coefficient of expan.sion of concrete is about 0.0000055 ])cr degree 
Fahrenheit. ('Phis value is conveniently remembered as live zeros fifty- 
five.)’* The coefficient of expan.sion of the limestone u.sed in a ])art the 
tests was the same as that of the concrete made from it. h'^xperimentsf 
under the direction of Prof. Hallock at (’olumbia rnivensity gave 0.00000561 
as coefficient for i : 2 mortar and 0.00000655 for 1 : 3 : 5 concTcte. Prof. 
Burr calls attention to the similarity of this to the coeffic ient of linear 
thermal ex})an.sion of steel, which is about 0.0000066 ])er degree Fahrenheit. 
'Phis fact is of great prac tical value to the engineer in the construction of 
reinforced concrete because it shows that the concrete and steel wall be 
similarly affected by tem})crature changes. 

A coefficient of 0.0000055 corresponds to a contraction of J inch in 100 
feet for 50® Fahrenheit bill in tem|)crature. 

The effect of hardening upon the volume, although less definitely de- 
termined, has been experimented upon by J^rof. Bauschingcr,§ of Munich, 
and Prof. George F. Swain, || of the Ma.ssachusetts Institute of Technology. 
As a result, the Committee on Cements of the American Society oi ('ivil 
Engineers ir 1887 reached the following conclusions:^ 

First. Cemen* mortars hardening in air diminish in linear dimensions 
at least to the end of twelve weeks, and in most cases progrcssi'^ely. 

♦ ‘‘The CoeffiMent of Expansion of Concrete,’* Journal Western Society of Engineers, Vol. VI, 
p. 549; republi.<i! ed in Engineering News, Nov. 21. 1901, p. 380. 

■f Burr*s “Materials of Engineering,’* 1903, p. 378. 

5 Transactions American ^ciety of Civil Engineers, Vol. XV, p. 722. 

li Transactions American Society of Civil Engineers, Vol. XVII, p. 213. 

^ Transactions American Society of Civil Engineers, Vol. XVII, p. 214. 
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Second, Cement mortars hardening in water increase in like manner 
but to a less degree. 

Third, The contractions and expansions arc greatest in neat cement 
mortars. 

Among further conclusions of the committee given in this teport it is 
stated that experiments show the contraction of neat cement in air at the 
end of twelve weeks to be from 0.14 to 0.32%, and of i: i mortar, 0.08 
to 0,17%. Although these values arc corroborated by Bausching^r’s* ex- 
periments on Portland cement mortars, the results of which also indicate 
nearly the same contraction for leaner mortars as for 1:1, further data 
upon the action of concrete made of modern Portland cement is required 
before accepting the figures as a})pli('able to this. Considbref gives 0.03% 
to 0.05% shrinkage for lean mortars corresponding to a contraction of 
' about i inch in a wall loo feet long. These various conclusions show that 
cracks in a newly laid concrete wall are due in part to contraction in setting. 
In fact, it has been noticed that joints open up in new concrete before it has 
been affected by external temperature. 

It must be borne in mind that this action during hardening has nothing 
to do with the tem[)erature of the atmosphere, and does not vary with it^ 
but is in addition to the effects of tem})erature changes. It is possible, 
however, as suggested on page 285, that the shrinkage may be due in part 
to the cooling down from the heat evolved when the cement sets. 

FACING CONCRETE WALLS 

Exposed concrete walls had best not be plastered. It is a needless ex- 
pense, and the results in variable climates are unsatisfactory. It is difficult 
to apply cement mortar uniformly to the face of hardened concrete, and it 
is ai)t to crack off and discolor, es[)ecially if the concrete behind it is porous 
enough for the water to penetrate it. For waterproofing walls not exjiosed 
to the atmosphere, cement plaster is sometimes serviceable, as described on 
page 341. 

Mortar for patching irregularities and pockets, which will occasionally 
occur in the best work, and for filling holes, must contain the same pro- 
portions of cement and sand as the concrete, or it will set a different color. 

The treatment of the face of concrete is determined by the character of 
the structure. A fair surface, suitable for work which is not exposed to 
view, and even for sheds or other buildings where the appearance need not 
be regarded, has been obtained by the authors on 4-inch and 6-inch walls 

, ^'ransactions American Society of Civil Engineers, Vol. XV, p. 72*. 

IConsid&re's Reinforced Concrete, 1903, p. 87. 
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by using merely a very wet mixture of cement, sand and gravel, with care 
jn placing and puddling so that none of the stones, many of which were 
2 jli^es in diameter, collected in pockets against the forms. Such treat- 
' ment will result in a sandy finish, showing tfiie joints in the 
forms less than a smoother one. 

To produce a smooth mortar surface, a thin tool like a 
spade or an ice cutter, shown in Fig. 103, may be thrust 
down next to the molds as the concrete is placed, so as to 
force the stones back from the face and allow the mortar to 
cover every stone, care lieing taken not to i)ry the molds. 

One of the best methods of finishing for a large smooth 
surface is to spade or cut the faces as described, and then 
y after the forms arc removed to pick them with a hand tool, 

I shown in Fig. 104, or a pneumatic tool adai)tcd for the 

A purpose. The Harvard University Stadium, illustrated in 

im our frontispiece, is finished in this way, and the i)hoto- 

liHI graph in Fig. 105 shows a near view of the surface. 

Fig. io,^. — On the left is the concrete showing the imi)ressions of the 
plank form.-^, and on the right is the finished surface. If 

2^8q.) ^ ^ ]>icking is ])erformed by hand, it is done by a com- 

mon laborer. The surface he will cover ])er day depends upon the hard- 
ness of the concrete. It must not be too green or 

the tool will loosen the stones, while if set very hard 1 

the labor is unnecessarily great. On the average, 
a man may be expected to cover about 50 sejuare feet 1 

per day of ten hours. The picks re(|uire freejuent, 
at least daily, sharpening. For the best apj^ear-* 
ance, the size of stone in the concrete should be 
limited to about f inch to one inch. This method of 
picking was employed by Mr. F. L. Ransome in the 
construction of the Pacific Rorax Works in New 
Jersey. A pneumatic tool suitable for this work is 
ntade with a circular end containing a number of 
points, using which a man should cover 400 to 500 
square feet per day. 

Mr. C. R. Neher* states that with labor at $1.50 per pv,. 104.— Pick for 
day bush-hammering will cost less than i\ cents per Faring Concrete, 
square foot. p, 2 9. 

A surface of washed concrete is shown in the photograph. Fig. io6* 
^Journal Association of Engineering Societies, Jan., 1902, p. 41 
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p. 290. This finish, used by Mr. Henry H. Quimby* for surfacing con- 
crete bridges in Philadelphia, is obtained by hand or with a hose. Hand 
methods are usually preferable because of the difficulty of applying the hose 
at exactly the right stage of hardening. In either case the forms must be 
removed as soon as the concrete is sufficiently hard, — a period varying 
from 6 houi*s to 2 or 3 days, acct>rding to the character of the cement and 
the weather, — and the washing done immediately. For washing by hand, 
a plasterer’s float, or a small board 1 by 3 by 6 im h?s, is used and the cutting 
is done by sand rolled between the board and the wall, with [>lenty of water. 
The concrete face after this process may sometimes be too gn‘en for rinsing 
clean, when the final cleaning is rloferred for a few hours. Mr. Quimby 
states that a laborer should wash and <*lean 100 s(]iiarc feet of surface in 
less than one hour. If the conc rete has become too hard licfore washing, 
a comparatively smooth J'mish is obtained in a similar manner or by vigor- 
ously rubbing the surface with a rough brick. A green surface may be 
treated with a common sc rubbing brush and water. 

A fine sandy finish may be obtainec^ after concrete has set by rubbing 
with a block of carbonincbir i abcait 3 by 4 by 1 1 inc hes. 

Another ])lan for removing tb.e skin of cement is the acid process.f 
Mr. H. P. ClilletleJ mentions a method employed in one c’asc on the 
New York Central R. R. of c hiseling sloping grooves, about '[ inch deep 
and 2 inches apart, upon an old discolored eoncTC‘te surfae'e. 

For a very smooth mortar surface, sue h as may l -e recjuired for moldings, 
curved surfaces or carvinj;, the interior surface of the mold may be plastered 
about '(-inch thick, Iw liand or trowed, just in advance of the laying of the 
concrete, so that the c'oncrete and mortar set u]> as one* mass.' 

The Jidvocates of dry mixed concrete often rccpiirea ])iece of board, corre- 
sponding in width to the thickness of llie laycT of comrete, to be jilaced 
on edge close to the form, tlie c'onc'rete rarnmc'd against it, and then the 
board removed and the space filled with mortar mixed in projiortions 
I : 2 or I : 3. Another methcMl, which can be used with mc)rt.a.r of a welter 
consistency, is to place a thin board or a strij) of sheet iron at the re(|uired 
distance from the form, usually about 2 inc hes, then to fill in the mcjrtar 
between it and the mold, and the concrete on the other side of it, when it 
may be removed. In the best mcxlern practic e, facing mortar is omitted 
altogether, and the concrete is made wet enough to present a good siirface.§ 
Marking the surface to resemble masonry is considered unnecessary 
from an architectural point of view, for the work is actually a monolith and 

* Personal correspondence. See also Engineering Neios^ Dec. 20, 1906, p. 656. 
f See paper by Linn White', Engineering Record^ Feb. 2, 1907, p. 126. 
i Engineering News, July 24, 1902, p. 66. 

f Other methods of facing are described in the Report of the Association of Railway Superin- 
tendents of Bridges and Buildings, 1900. 



. 2g2 


A 77^J<A77SE ON CONCRETE 


should have that appearance, but if it is desired, triangular pieces may be 
nailed to the forms, or if tongued-and-grooved i)lank are used, the horizcntal 
molding may be formed by a strip of wood gotten out to the preferred 
shape, and jjlaned wiili a longue and groove so as to fit between two planks 
as shown in C'hapler XXIV. 

The size of molding depends ujion the class of masonry which is to be 
imitated. Mr. lulwin Thacher* specifics triangular moldings 2 inches 
wide by i inch deej). 

To give a uniform color, in England! it is customary to use a rather stiff 
mortar in })ro])ortit)ns i ; 3 s])])ruHl with a ])lastercr’s hand float and worked 
in so llu)roughly as to leave no body on the surface. In the United States 
a 1 : 2 grout is s{)metimes put on with a whitewash lirush or .small whisk 
broom. 'I'his, however, is liable to check. 

A ])umice stone paint used by Mr. H. I. Moyer has given satisfaction in 
practice. It consists of ground j)U mice- stone and Portland cement mixed 
in equal parts to the consistency of thic k ])aint. After removing the board- 
marks with a block of carborundum, the surface is wet and the paint aiqilied 
with a brush. AVlien this first coat is hard, it is wet and the .second coat 
applied. 

Plastering. When plastering on external surfaces must be resorted to, 
special means must be taken to make it adhere and to prevent its checking. 
The forms must be wet instead of oiled; irregularities must be remov'ed by 
chij)ping or rubbing; the entire surface .should be roughened; and the coal 
of jilaster should be as thin as possible, preferably not over 1^5 or J-inch. 

By thnnving on pla.stcr with considerable force, it bonds better than by 
spreading it. If the first coat is thrown on the .second is more a])t to adhere, 
A spatter-da.sh or a jichhle da.sh finish is made by throwing on a mortar to 
leave it regular but rough. 

Lafarge cement finish has been .satisfactorily used for house walls by 
Mr. Benjamin A. Howes, The jirocess is illustrated in a phe^tograph shown 
in Fig. 107, })agc 293. 'Phe surface, which must he very true, is wet, and a 
neat solution of Lafarge cement is siiread on with a whitewash brush. 
Before this has dried, a second coat in projiortions about 1 : 3 of Lafarge 
cement and fine .sea sand is spread with a .steel trowel, floated with a wood 
float, then immediately wet down with a whitewash brush. The total 
thicknc.ss of the phuster should not be over 1^6 inch. 

If a thick plaster is necessary, the surface must be carefully roughened, 
..wet, and coated with a neat cement grout, preferably spread on very thin 
'('fwilh a wire brush, and then plastered immediately before it hardens. A 
plaster which has been found .satisfactory is made u.sing one-sixth to one- 

♦ Cementj May, 1903, p. 107. 

! Sutcliffe’s Concrete, 1893, p. 324. 
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third part of lime putty to one part of cement by bulk, with enough sand 
to make it work sandy. For 3-coat work the second coat may have about 
as much hair as is used in brown coat work in interior plastering, 

FORMS FOR MASS CONCRETE* 

The forms for structures, such as buildings and sewers, arc illustrated 
in the cha['trrs treating upon these subjects. 

The best lumber for forms or molds for concrete is white pine because it 
is easily worked and retains its shape after exposure to the weather. Ex- 
cept, however, where a very line face is required, motives of economy 



Fig. 107. Surfacing Wall v\ ilh Mortar. ( Sec p. 21)2.) 

usually prompt the use of ( heaper material, such as spruce or fir, or, for 
very rough work, even hemlock, (ireen lumber is jjreferable to dry be- 
cause it is less alTected by .the water in the concrete. 

If the ])lanks or boards arc thoroughly oiled and arc not exposed loo 
long a time to the hot sun and dry air, which tend to warp them, they may 
be used over and over again. Long exposure, how^ever, will throw the 
surface out of true, and open uj) the joints. In some instances the same 
lumber can be emj)loycd in different places. For example, in the con- 

*Scc also paper by .Sanford E. Thompson on '‘Forms for Concrete Construction,” Transactions 
National Asvsociation Cement Users, 1907, reprinted as Bulletin No. 13, Association of Amcricao 
Portland Cement Manufacturers. 
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struction of a factory building, Mr. Thompson specified 2-inch tongued- 
and-grooved roof plank of green spruce for the forms, and after using at 
least four times, no diflFiculty was found in laying it on the roof. The 
planks were merely slightly gritty and discolored by the oil employed tb 
prevent adhesion of cement. 

Lumber which is planed one side is essential to. a smooth face, and where 
the forms must be removed within 24 or 48 hours it is sometimes advan- 
tageously employed fc^r rough work because the concrete adherjes less to 
planed lumber and that which docs stick is easily scraped off, thus effecting 
a saving of labor which more than balances the cost of planing. Many 
concrete ex])erts advise the use of beveled edge stuff in preference to tongued 
and grooved. The edges crush as the board or plank swells, and IhL 
prevents buckling. 

Sfjuarc corners and thin projections should be avoided when possible 
A beveled strij) in an external corner will give it a finished appearance. 

Either j-inch boards or 2-inch plank arc suitable for forms. The 
spacing of the studs depends in part upon the consistency of the concrete 
and the thickness of the walls. If the concrete is laid quite wet and the 
mass is large, there may be considerable [iressure exerted before the cement 
sets. On the other hand, there is Icms liability of the boards being forced 
out of [)lace by ramming than when a drier mixture is used. The authors 
have found that in comparatively thin walls laid with a wet mixture the 
stringers may be spaced 5 feet apart for 2- inch plank and 2 feet apart for 
i-inch boards. This represents aliout the limit if an absolutely straight 
face is desired, and even with this spacing the lumber will spring slightly in 
places where very short lengths of it arc used. 

The si/x of the studding depends uyion the height of the wall and the 
amount of bracing which it is convenient to use. For a low form of i-inch 
stuff 2 by 4 inch studs may be satisfactory. If this size is used for a higher 
wall, horizontal timbers must be placed and carefully braced at distances 
about 5 feet apart to prevent the studs from springing. For 2-inch plank, 
as the studding is sy:)aced farther apart, it must be heavier. Common sizes 
are 4 by 6 inches, 2 by 10 inches, and 4 by to inches, depending uy^on the 
character of the work and the material at hand. The toes of the' diagonal 
braces which run from the studding down to the ground must rest securely 
against stout yx)sts or other immovable supports. The use of these diag- 
onals may be avoided in many cases or their number reduced by connecting 
opywsite studs with through bolts or wire. An inexpensive method of 
connection is shown in Fig. io8, page 295. The wires are wound 
.liround opi)ositc studs and then twisted with a stick, as a tum-buckle» 
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until the studs are the proper distance apart. To remove the forms the 
wires are cut and then trimmed off close to the concrete. 

If in placing the concrete the forms commence to buckle, they must 
remain in their warped position unless trueness of face is of sufficient im- 
portance to warrant tearing down the concrete and replacing it. A car- 
penter is so accustomed to truing up his lumber after it is in place that it is 



difficult for him to realize that a thin wall of concrete cannot be straightened 
in the same way. The fact that a crack once made in concrete which is 
set is almost impossible to repair cannot be too strong!}^ impressed upon 
the woodworkers. 

Concrete forms should be nearly water-tight but need not be absolutely 
so. Cracks of noticeable width which cannot be closed by wetting and 
sw.elling the lumber may be battened, and vertical joints between the ends 
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of planks may be stopped in the same way. Hard soap has also been used 
fo^ this purpose.* 

In a large structure such as a dam, cement bags filled with sandf may be 
piled to form the temporary end of a layer or series of layers of concrete. 

Greasing Forms. Crude oil is an excellent and inexpensive material 
for greasing forms. This is a petroleum product sufficiently liquid to l-e 
readily applied with a large whitewash brush. The object is to fill the 
pores of the wood rather than to cover it with a film of grease. The oil 
must be a[)plied every time the forms are set. Thin soft soap or a paste 
made from soap and water is also occasionally used. On an important 
job in England! the centering Ixurds of arches were covered with strong 
packing paper soaked with linseed oil. Pa])er however is a])t to wrinkle. 

If the concrete is to set for seviTal weeks before removing the forms, the 
cohesion of the concrete will be greater than its adhesion t(^ the lumber, 
and no t)il or grease will be Jieeessarv, although it is well to thoroughly wet 
the plank before laying the concrt'le against it. Always oil metal forms. 

Removing Forms. The length of time \\ln\ h (oncrete must .set before 
removing the forms depends upon the weather, the strain which is to come 
upon the work, and the ('onsistency employed ii\ mixing. 

A good rule to fcfilow when laying wet conc rete upon whic h no pressure 
is to come immediately is to determine whether it is sufficiently hard by 
pres.sing upon it with the broad part of the thumb. If indented, the con- 
Crete is too .soft to permit of removing the forms. It is sometimes possible 
in good drying wcxither, even if slow-setting Portland cement is u.scd, to 
raise the forms within from lo to 24 hours after j)lac ing the concrete, but 
care must l)e exercisc'd that no blow or jar comes upon the fresh work. If 
the wall is very thin and is to be subjec ted immcxIiatelN to earth or water 
prcs.sure, it may be advisable lo allow the forms to remain for several 
weeks. The setting of concivle is retarded by cold or by wet weather. 
When mixed very wet, it sets and attains its strength more slowly than 
when mixed with a small amount of water. 

RUBBLE CONCRETE 

Rubble concrete includes all classes of conc rete in which large stones are 
placed by hand or by machinery. The term concrete rubble has been ap- 
plied when the mass consists essentially of large stone laid in joints of 
concrete instead of mortar. 

♦George W. Lee, Engineering News, Mar. 19, 1903, p. 246. 

^Engineering News, Aug. 27, 1903, p. 185. 

tK. Loibbrand iu Proceedings Institution of Civil Engineers, Vol. CXIX, p. 227. 
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Rubble concrete comes in competition with pure concrete on the one 
hand, and with rubble masonry, — that is, stonework laid in cement mor- 
tar, — on the other hand. Its cost in large masses is usually less than that 
of pure concrete, because the expense of crushing the stones used as rubi)le 
is saved, and each large stone replaces a mass of mixed cement luid ag- 
gregate, thereby saving a portion of the cement. As stone is always heavier 
than concrete made from the crushed material, because of the pores in the 
concrete, the replacing of portions of the latter by large stone increases its 
weight, and therefore its value for certain classes of construction. Large 
masses of rubble concrete can usually be laid cheaper than ordinary con- 
crete, but where the mass is small and separate machinc'ry or apparatus 
will be required for handling the large stones, its use may not be advan- 
tageous. It is es[)ecially suitable where the concrete materials arc handled 
with derricks, because thcise may be enn})loyed to hook the stone or transport 
it in trays. 

In comparison with large masses of rubble masonry laid in cement mor- 
tar, rul)blc cfjncrete of similar epudity is almost invarial)ly found to be 
cheaper because sc'arccly any skilled labor is rccjuired. In i\ thin wall, not 
more than 3 feet thick, the rubble masonry may ])e c'liea])er because no 
forms are recpiired. In estimating comparative costs of rul)])le masonry 
laid in Natural cement mortar and rubble conc rete m ide with Portland 
cement, the fact must be considered that a wall of Portland cement rubble 
concrete may Ije made thinner tlian one of Natural cement masonry be- 
cause it is stronger. The difference in strength is not merely clue to the 
class of c:ement emj)l()yecl, but to the fact that in rubble c’oncrcte the stones 
arc perfec'tly imbedded instead of being set up on small spawls in the 
manner customarily employed })y stone masons. 

The amount of c ement used in rubble concTctc varies not only with the 
proportions of the concrete mixture, but with the percentage of rubble 
introduced. Very much less cement is recjiiired in concrete than in a simi- 
lar quantity of mortar of like strength, but coiuTetc joints must be thicker 
than mortar joints, so that the result is often more ccmient is required j^er 
cubic yard for concrete than fcjr rubble masonry. Howe\'er, by employing 
a large percentage of stone, as was clone at Boonton,* the quantity of 
cenaent may be brought below that for rubble masonry. 

The strength of rubble concrete can be compared only theoretically to 
that of concrete or rubble masonry, because there are no testing machines 
in existence of sufficient capacity to break a mass of Portland cement 
masonry containing large stones. It is generally considered less than that 

description, page 300. 
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of plain concrete, but, the authors believe, with insufficient ground. Less 
cement is contained in a cubic yard, which tends to lessen the strength, but, 
on the other hanfl, as stated above, the large stones add density which is 
a source of strength. 

In concrete subjected to tension or bending the introduction of large 
stones might possibly be a source of weakness by forming planes of ad- 
hesion. On the other hand, the stones tooth into the mass and into each 
other, h)rming an irregularity of breaking surface which would tend to in- 
crease the strength. On long-time tests, too, the strength of the large 
pieces of stone, which is naturally greater per square inch than the strength 
of small pieces of broken stone, would naturally come into play. In com- 
pression this extra strength of the large stones, csj)ecially in their resistance 
to shearing, has a still greater inlluence upon the strength of the mass, and 
besides this they must necessarily bond and wedge with each other. 

COMPARATIVE QUANTITIES OF MATERIALS FOR PLAIN 
AND RUBBLE CONCRETE 

The cement and aggregate are often c\prcss(‘d as percentages of the 
total mass of plain concrete or of rubi)le concrete?. I'his is confusing 
because there are various ways of expressing percentages, and, as suggested 
below, it is therefore clearer in ordinary cases to employ, instead, com- 
mercial measurements, such as cubic feet, cubic- yards, or {)ounds. 

Before the concrete is mixed, the volumes of materials may be comj)ared 
by percentages, thus, pro])ortions 1:3:6 have cement, 30% sand, 

and 60% broken stone; ljut this is a|)t to be misleading, since loose vol- 
umes, — because of tlie diffenmt voids, -and weights, — because of 
different sj)ecitic gravities, — do not exactly correspond to absolute or 
solid volumes in the finished c'oncrete. By absedute volumes,* for example, 
a cubic f(X)t eff 1:3:6 c cnicTctet may contain 0.07c; cu. ft. of solid cement 
grain, 0.278 cu. ft. of solid sand grains, and 0.491 cu. ft. of .solid stone 
particles, and may lie .said to have y.i)% cement, 49- 1% 

stone. This is an exact method, but suc h percentages cannot be deter- 
mined without very com])lete data, 

Fcjr comparing costs of different concrete it is therefore best to'discard 
the term percentages, and instead to express the quantity of each material 
as weights or locxse volumes rcctuired for a unit volume, — say a cubic 
yard, — of compacted concrete. By this method a cubic yard of average 
1:3:6 concrete (frexn the table on page 231) contains i.ii bbl. cement. 

♦See example, p. 139. 
fSec item (23), p. 377. 
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0.47 cu. yd. loose sand, and 0.94 cu. yd. loose broken stone. If, now, 
rubble concrete is used and if on the average every cubic yard of this 
rubble concrete after being laid contains large rubble stone to the amount 
of 0.3 cubic yards (measured net, as solid stone), we may say that the 
rubble concrete contains 30% rubble, and each of the other materials are 
reduced by 30%, thus giving i. 11X0.70 = 0.78 bbl. cement, 0.47X0.70 = 
0.33 cu. yd. sand, and 0.94 X 0.70 = 0.66 cu. yd. broken stone per cubic 
yard of concrete. From such data, the relative costs of materials for 
plain and rubble concrete may be readily compared.t 

Proportion of Rubble in the Mass. The proportion of large stones 
which can be placed depends upon the size of these stones and upon their 
distance apart. In a heavy wall or dam the size may be limited simply by 
the strength of the machinery employed to handle them, whereas in a 
comparatively thin wall subjected to water pressure, it is evident that the 
stones should not be large enough to run nearly through the wall 
and might be limited to one~half or one-third of its width. Larger stones 
can be used with a wet than with a dry mixture since they bed more 
readily. 

The distance between the stones varies in different specifications from 
3 to 18 inches. If the concrete is mixed of dr}' consistency there must 
be space enough between tlie stones to ram the concrete thoroughly and 
force it into all the recesses, while with a wet mixture the s])aces need be 
regulated merely by the dimensions of the stones in the coiu rete aggregate, 
care being exercised that they do not bridge or arch across between the 
large stones. 

The quantity of rubble is usually expressed as a percentage of the total 
mass of the finished concrete. The percentage may vary from 20% to 
64%, both of these quantities being mentioned by Mr. John W. Steven* as 
used in different places in Scotland. Nearly as much space must be left 
between two small stones as between two large ones, so that the percentage 
increases with the size. Into one of the Hoonton dikes (4 feet 8 inches 
thick) of the Jersey City Water Supy)ly Company, — where the stones Vere 
hoisted in derrick trays and unloaded by one or two men, — of stone 
was introduced, and this may be taken as a fair average (Quantity for con- 
crete containing “one-man” or “two-men” stone. In another Boonton 
dike, of the same thickness and similar in other respects, the stones were 
large enough to handle by derricks, and the quantity was increased to 33%, 
while in the large dam described below, 55% was the average quantity. 


♦Proceedings Institution of Civil Engineers, Vol. CXIII. 
f See tables of Quantities of Materials, pp. 236, 237. 
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The amount of rubble may sometimes be most conveniently and accurately 
measured by weighing it in cart or car loads. 

Methods of La3dng Rubble Concrete. The forms for rubble concrete 
may be built as for ordinary concrete, or the faces of the worlf may be of 
cut stone or ashlar masonry. 

Ordinarily, derrick buckets are the most suitable Apparatus for placing 
the concrete, !)ecause the derrick can al^o be conveniently used for handling 
the Slone. 

One of the best examples of rubble concrete work which has come within 
the obs(‘Tvalion of the authors is ihe dam of the Jersey}’ City W ater Supply 
Com|)any at Boonlon, N. J.,* built in 1902-4 under the direction of Mr. 
William H. FulltT, Resident lOngineer. The dam ] loper contains about 
240000 cubic yards of ‘S vclo|)ean ” or concrete rubble masonry, and the 
contract ])ricc at which this was l(‘t, which covered all labor and all ma- 
terials excepting llie ( ement, was $i .(>8 per cu])ic yard. Other bids ranged 
from $2.20 to $^^0o 'riie nibble stones, which actually averaged in size 
from r to 2\ cubic yards (‘acii, ^^ere brought ficmi the quarry al out three 
miles distant over a standard gage track built for the })urpose, and the stone 
for the concTcte aggreg.ite was also broken at the (luarrv, although it was not 
touc hed by hand from the lime it entered the crusher until it was dei)osiled 
in concTete. One of Ihe distinctive features of the construction was the 
consistency of the concTote, which was mixed extremely wet, in fact, about 
like pc*a soil]), so that wlu-n clumped it s})read C)ut, forming a level bed for 
the stone. As soon as a bucket of concrete was dunqied, a large stone, 
which had come from the c[uariy on llal cars, was picked uf> liV one of 
the stiff-legged derricks ranged on lrestlc*s along eacli face of the dam, and 
droj)jH‘d, — with force, not gently lowerc'd, — usually with its smoothest 
facT down, into the mushy mass. Settling into ])!ac'e, it bedded itself 
in the concrete, and laborers joggled it with crowbars so as to bring it 
to a firm l)c*ariiig and drive out all air liubbles. A tone lifted after placing 
left a bed conforming to the irrc’gularities of the stone, and having the ap- 
pearance of mortar, no stones l)cang visible. Scra])ing tliis mortar in places 
showed that the stones of the c-oncrele were covered with an exc'ecdingly 
thin film of mortar. 

The labor of actually ])lacing the concrete and stone after l)ringing them 
to the dam may l)e estimated from the fact that each stiff- legged derrick 
supplied a gang of three or four laborers dumping concrete and joggling 
the stone, with one foreman mason, who not only looked after the depositing 


*Spc drawing. Chap. XXVI. Srr also Engineering EecatU, Aug. 8, 1903, p. 152. 
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of the stone in the concrete, but alvso spent some of his time on the face stone 
masonry. In addition to these, there were the men mixing concrete and 
handling the cars of stone. Mr. Fuller staled that seven derrick gangs 
averaged about 700 cubic yards of concrete rubble masonry in ten hours, 
or about 100 cubic yards to a derrick. A maximum day’s work for a 
derrick was about 125 cubic yards. 

The concrete was i)roportioned i part Portland (cment, 2J ])arts sand, 
6f parts I)rokcn stone, the latter ranging in si/e from line particles u|) to 
3 inches in diameter. 'I'he masonry contains about 55^ i of rabble, the 
large .stones being kepi at least far enough apart so that the list could be 
thrust l)etwccn them. Al)out 0.6 barrels of cement were used ])er cubic 
yard of concrete rubble maM)nry. This (juantity is less than is generally 
used in a rubble wall built of fairly well dresscvl stones laid in 1:2 cement 
mortar; and where water-tight rubble is re(piired and the stones are accord- 
ingly left as rough as possible, the f|uantity of cement is a|)t to average 
slightly more than one barrel per cubic yard. 

In a dam built in eastern Connecticut in 1890 to rgoj,* where methods 
somewhat similar to those jus described were emjdoyed, the (fuantity of 
cement averaged about two-thirds barrels per cubii' yard of masonry. 

The masonry dry doc k at the Charlestown Navy V"ard, which was begun 
in 1900, furnishes an e\amj)le of rubble laid in dry mix(‘d coiu’retc. The 
stones, which were placed about 18 inches apart in all dinu'tions, averaged 
about 2 cubic yard in volume, and had comparatively s(juare faces and 
level beds. They occupied less than one-third of the total volume of the 
concrete. The concrete, mixed in proportions about i ])art Portland 
cement to 2 parts sand to 5 parts gravel, was deposited from buckets, and 
thoroughly rammed, and the stones, after washing with a hose, were placed 
by derrick. If a stone did not bed itself properly, the derrick picked up a 
heavy weight and allowed it to dro]) several times ujK)n the stone to ram 
it into place. 


DEPOSITING CONCRETE UNDER WATER 

Although some engineers still specify that no concrete .shall be laid under 
water, the many important structures which have been built of late years 
upon foundations of concrete deposited loose, to set and harden under 
water, prove that excellent work can be performed with proper selection 
of materials and care in laying. It is absolutely nece.s.sary, however, 
to lay the concrete by some means whi('h will prevent the separation of 
theT ingredients as they pass through the water. This has been accom- 

♦Described by Herbert M. Knight, Engineering NewSf June 12, 1902, p. 470. 
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pUshed, as discussed in the succeeding pages, by the following methods: 
(i) passing the concrete through a tube in a continuous flow, (2) lowering 
it in large l)uckets from which the concrete may be dropped in large masses, 
(3) confining it in l^ags, (4) forming the concrete into blocks on land, and 
after setting placing tlicm by machinery or by floats, and (5) allowing the 
concrete to partially set in air and then depositing it in a “ plastic*' condi* 
tion. 

For sea water construction, the cement should be carefully tested to see 
that it is of standard quality.* Occasionally tlie water of a stream or pond 
may be impregnated with by-j)roducts, such as sulphuric acid from indus- 
trial plants, or with mineral im]>uritics which prevent the concrete from 
setting f)ropcrly. 

Cofferdams, which need not be water-tight, are almost always necessary 
to prevent the concrete from sj)reading and the cement from washing away. 

Laitance. “ Laitance ” is a French word, (piite generally ado]:)led in the 
United States and lOngland for the light-colored y)owdery sul:)stance which 
is held in suspension by the water when c('ment or concrete is deposited 
below the surface. On land the sam(^ substance forms on the surface of 
concrete which lias been mixed very wet. 

The analysis of a sample of laitancef showed its composition to be as 
follows: 


Silira (SiOo') t6.oo% 

Alumina an<i Iron (AljOa, Fc _•().») 8.66 “ 

Lime (('nO'l 47-40 “ 

Maj^nrsiii Oxiilc (MgO) 2.40 “ 

Ignition loss 23.60 


if calculated to a water and carbonic acid free basis the analysis becomes; 


Silica (SiDA 20.04% 

Alumina and 1 ron (AljO.j, Fc »(> ») 1 1 *30 “ 

Lime; (C^iO') 62.04 “ 

Magnesia Oxide (MgO) 3.14 “ 


Mr. Richardson notes that this composition corresponds with that of a 
normal Portland cement except that it is unusually high in alumina and 
iron, a fact which may be explained by the large amount of magma detected 
in the thin section examined. He further states: 


I have had a thin section ground, but find that it shows no structure 
which is characteristic. The section consists largely of amorphous material 
of an isotropic nature, that is to say, it does not affect polarized light. It 
reveals a considerable amount of a yellow substance which seems to be the 

,*Mlso sec Chapter W, ami page 308. 

^j’^fAnalyzed for the authors hy Mr. Cliffonl Richardson. 
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undecomposed magma contained in the original cement. I have formed a 
material very similar to the “lailance” by shaking Portland cement with 
water, decanting the finer portion and allowing it to settle out and harden. 
This material, like your “laitance,” is rather soft, and this is due to the fact 
that the Portland cement is much more thoroughly decomposed under these 
conditions than unde'* ordinary ones, and this accounts for its character. 

It is evident from these facts that the milky laitance which appears on 
concrete laid under water represents an actual loss of cement, which should 
be prevented by confining the mass until it reaches its position. 

Depositing Concrete through Chutes. In his Treatise On Limes, 
Hydraulic Cements and Mortars,* Mr. Gillniore refers to a **tr<$mie” 
used in laying concrete under water in. Chesai)eake Pay. This consisted 
essentially of a tube of boiler iron about 2 feet in diameter, and long enough 
to reach the place where the concrete is to be deposited. Similar apparatus 
»s still em])loyed for forming layers of concrete under water. 

When building the piers of the Charlestown Bridge, Boston, a colTerdam 
was first constructed, and then a tube, about 14 inches in diameter at the 
bottom anrl ii inches at the neck, with flaring top, was suspended by a 
ditTerential hoist from a moving platform, as shown in Fig. 92, page 270. 
The tube was made in removable sections bolted together by outside 
idanges so that its length (ould be readily varied. Mr. William Jackson, 
Chief Engineer for the bridge, ^lescribes j* the method of operation as 
follows: 

The fool of the chute was allowed to n'sl on the ])ollom, and was 
filled with concrete dum])ed from wheelbarrows. The chute was then 
raised slowly from the ])otlom, allowing a pari of the concrete to run out 
In a conical heap at the foot, while the lo.ss was made good by dumping in 
more concrete at the lop. The truck bearing tlie chute was then moved 
from side to side of the dam, so as to leave a ridge or bank of concrete 
cro.sswise of the pier, the chute being kept always filled or nearly filled by 
dumping more concrete into llie hopper. I'lic height of the ridge o{ con- 
crete was regulated by the height to which the fool of the chute had been 
raised from the bottom. When the ridge was (ompleted across the dam, 
the traveller supporting the truck was moved a .short distance lengthwise 
of the pier, and the truck was moved back again across the dam, parallel 
to its former course, allowing the concrete to run out over the edge of the 
bank first deposited, widening it on the side to which the traveler had been 
moved, and this process was continued until the whole area of the founda- 
tion was covered with a layer of concrete, upon which, when it was suffi' 
ciently hardened, another similar layer or course could be deposited. 

♦Page 236. 

iThird Annual Report, Boston Transit Commtaaion, p« 74 - 
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The thickness of each course depended upon the height to which the 
foot of the chute was raised above the top of the preceding course. Courses 
were laid up to 6 feet in thickness, but it is thought that the best results 
were attained with a thickness of 2 or a j feet. 

If the ])ank is made too high, or if the bottom (or the top of the pre- 
ceding course) is very uneven, or if the piles interfere with the motion of 
the chute, or if the cliute is moved along or raised too rapidly, the concrete 
is likely to run out so fast as to empty the chute entirely before the flow can 
be checked. In this event the “charge” is said to be “lost,” and the 
chute must be lowered again to the bottom and refilled. When the charge 
is lost the water rises inside the chute to the same level as that outside, and 
into this water the coiu rete must be dumped until the water is wholly dis- 
placed or al)sor]K‘d by the concrete. This has a tendency to wash the 
concrete, and lo separate tlic cement from the sand and gravel, and as it 
generally takes a cubic yard or more of concrete to dis])lace all the water 
in the chute, there is danger that a rather large body of badly washed 
concrete will be deposited whenever the charge is lost. This danger 
threatens not only when the (barge is accidentally lost, but whenever work 
is begun in the morning or after the mid-day intermission; for whenever 
the work stops the charge mu4 be allowed to run out lest it set in the 
chute. 

To obviate ])arlially the evil of waslu'd (oncrete, the contractor was 
directed, whenever work was begun after an intermission, or whenever the 
charge was \oA or water h‘aked into the chute, to throw into it, Indore eac'h 
wheelbarrow-load of ( onciTte, until (he water was disjdac'ed, a (piantity of 
dry ('ement. Tie was also direded to In'gin work after an inlcTinission 
with the chute lu'ar the lentiT line of the pier, so that any body of washed 
coiKTete resulting would In* c'ompletely surrounded by sound (oncrele. 

After the workmen ami the ins])t‘ctor had gained experienee with the 
chute, the accidental loss of the charge was not a fre(]uent (n currence, and 
the danger of an ocradonal body of ])artly wasiunl concrete, surroimiU'd 
as it must be by gcnnl concrete, was not looked upon as a very serious 
matter. 

A diiricully someliuK's met with in using the chute is that when a sud- 
den rush of conen'te takes place, even if the charge is not (nnirc‘ly lost, the 
concrete within the chute often falls far below the level of the water outside. 
The outside water then, csjK*cialIy if there is a deficiency of sand in the 
concrete, is likely to force its way through the concrete remaining in the 
bottom of the chute, tending to se|)arate the cement from tlie sand and 
gravel, and making the c'oncretc loo wet, and so threatening a complete 
loss of charge. If there are any leaks in the joints of the chute, water 
comes in and tends to cause loss of charge, and this leakage is especially 
troublesome when the concrete in the chute falls below the level of the 
water outside. 

The chute seems to work best when the concrete is mixed not quite 
moist enough to be plastic. If it is mixed too wet the charge is likely to 
?'1^e lost; if very dry there is a tendency to choking of the chute. The \yorking 
of the chute is affected also by variations in the proportions of sand and 
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gravel. With gravel in excess the outside water too readily forces its way 
in at the bottom. With an excess of sand the concrete tends to clog in the 
chute. 

Sometimes when the concrete becomes clogged in the upper part of the 
chute, the concrete below the clogged place continues to Ilow out, leaving 
a vacant space into which water forces itself through the concrete remaining 
in the bottom of the. chute. When the clogged concrete above is loosened^ 
it falls into this body of water, which, unable to find exit by the way through 
which it entered, is displaced by the falling concrete, and rises into the 
hopper, sometimes to a level considerably above that of the water outside. 

In the construction of the foundations for the piers for the Cambridge, 
(Mass.) Bridge,* a tube was used in much the same way as that cm])Ioyed 
for the Charlestown Bridge. The concrclc was dum]H.'d fnun derrick 
buckets into a hopper, below which was a tube i6 inches in diameter at 
the top and 22 inches in diameter at the bottom, built in 4-foot cylindrical 
sections, which telescoped one another, so that a length varying from 4 to 
40 feet could be obtained. Each layer of concrete was i to 2 feet thick. 
The tube was suspended from a traveler running upon a pair of traveling 
trc.sses which rested at each end upon tracks laid on top of the cofferdam, 
so that concrete could l)e deposited at any point within the rectangle. 

Depositing Concrete from Buckets. The opinion of engineers is di- 
vided as to whether the best method of depositing concrete uiuler water 
is by a chute, as has just been de.scribed, or from a bucket. The objection 
to the former is the dilViculty m always maintaining a continuous Ilow, 
while with the latter it is not so easy to place the layers uniformly and to 
prevent the formation of mounds which are more or less washed by the 
water. With careful superintendence, however, either of these methods 
is satisfactory. 

The best results can be attained with buckets so constructed that the 
material flows out through the bottom. A mass of concrete de|)osited 
under water must be disturbed as little as possible, and in ti])ping a bucket 
the material is apt to be stirred. Various buckets with bottom floors have 
been devised for opening automatically when the ])lacc for flepositing is 
reached. '‘In one type. Used in igoo at the Charlestown Navy Yard, the 
slackening of the rope released latches which fastened the trap doors so 
that^hey opened as soon as the bucket commenced to ascend. Another 
style, designed by Mr. John F. O’Rourke, is shown in Fig. rog. The 
photograph shows the bucket closed. When it reaches the bottom the 

♦See article by Sanford E. Thompson, Engineering News, Oct.' 17, 1901, p. 282. 
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handle slides down, allowing the doors to swing open and the concrete ter 
drop out in a single mass. The bail catches when it has dropped to the 
bottom, so that when hoisting the bucket the doors remain open. Covers 



Fig. I oy. —Bucket for Depositing Concrete. {See p, 305 ) - 


prevent the water from rushing in at the top as the bucket is being lowered, 
and the V-shaped bottom lessens the disturbance of the water. 

Depositing Concrete in Bags. Bags, varying from small paper or mua 
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lin bags to jute sacks containing 100 tons,^ have been employed in the 
past for holding concrete together as it passed through the water. In some 
cases the concrete has been placed in the bags dry f 

Mr. William Dyce Cay in building the breakwater at Aberdeen Harbor 
Eng., employed bags holding from 28 to 50 tons of concrete. A bag 
was placed in the hopper bottom of a barge filled with concrete, and sewed 
up as the barge was being warped to place. When the doors of the hopper 
were leleased it fell into place. 

John C Gooflri(lge\ nitthod§ of laving concrete under water, employed 
in 1887, consisted in enclosing the concrete ‘‘in paper bags or other soluble 
envelopes, and then loclging the bags or envelojies so Idled in the desired 
position under water, in such a manner that the bag or envelope shall not 
be ruptured untd after or tit tlie time it and it'^ ( ontenis are in place.” 

Molded Blocks. Under some conditions, cspeciallv where it is difficult 
to construct a cofTerdam and monolithic work is not required, blocks of 

concrete of any desned shapes are 
molded on land and placed after setting 
On the Bulfalo breakwater, || blocks 
weighing from to ?o tons, one style 
of which Is dlusliaUd in I'lg no, were 
emplo)e(I in jiarts of the stiiuture For 
handling them, three iron bolts hiving 
legs bent to .in angle at the ends and of 
unequal length. - one 24 inches long and 
the other 12 inches long, - so that the 
strain would occur in two separate 
planes, wcie sunk into the top face of 
eac h bloi k. After plai ing them in posi- 
tion, grooves molded into their adj.ucnt faces were filled with concrete 
so as to dowel them together. 

In the harbor of the Welland Canal, Ontario, blocks of somewhat 
smaller size were used just at the water lc\ el, with mass concrete placed on 
top of them. For handling these blocks four vertical channels, two on 
each side, were molded into each block, witli recesses just below the centra' 
points to catch the four hooks used for moving it. As the hooks passed 

♦ Proceedings Institution of Civil Engineers, Vol XXXI\, p 126, and LXXXVII, pp loi 
and 126 

■fLt Col J A Smitht Fn^tnecnn^ Record March 23, i89<> 

ftU S. Patent, No 3^8 833 

IlSec article by Ma;or T W Symonds, Fn^tnetnng Veu;?, May 29, 1902, p. 420. 

^ngttteertng News, May 15, 1902, p. 382 



Fig. no —Face Blocks of Buffalo 
Breakwater. (See p 307) 
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down in the channels, they projected so slightly that a block Could be set 
close to the last one placed, and the hook removed without disturbing it. 

As early as 1873, concrete blocks ranging in size from 13 to 60 tons in 
weight were used by the Department of Docks in New York City,* and 
in 1900 this method of construction was still in operation in that city. 

In Belgium in 1899, for breakwater construction, t blocks about 25 feet 
square and 82 feet long, weighing 3 000 tons, were formed by building on 
the shore metal caissons of the required size, lining them with concrete, 
then floating to place, and removing i)lugs in the bottom so as to allow 
them to sink. The remainder of the concrete to fill the caisson was de- 
posited in the interior. 

Depositing Dry Concrete under Water. By dry concrete is meant in 
this case a mixture of nggregates and cement without water. This method, 
although occasionally practiseil, is undoubtedly one of the worst to employ 
in laying concrete under water. No matter how carefully the concrete is 
placed, more or less of the cement is carried olT by the water. Experiments 
by Mr. li. B. Stoneyf show, as one would expect, that a wall laid in this 
way is honeycombed, and is not nearly so flense as that formed of concrete 
mixed with water in the usual way before plat ing. 

Plastic Concrete. Plastic or, as it is termed by ATr. Faija, reset 
concrete was once em})loyed in England. § The concrete was mi.xcd on 
land with the smallest ]X)ssible quantity of water, and allowed to set there 
about three to five hours, or until it attained the consistency of wet clay, 
before being deposited in the water. Mr. Kinniple claimed that setting 
eight hours on land before placing did not reduce the ultimate strength of 
the concrete, and that less of the cement was washed away. 

Concrete in Sea Water, in the I’nited States .se\eral instanc es have been 
noted where concrete lias been disintegrated to the depth of 2 or 3 inches 
and sometimes more. The injury in all cases is limited to the s[)acc between 
high and low water mark, and frecpiently a})|>ears to be caused in part by 
fro.st action. Sinc e other concrete clo.se by is often intact, the chief cause 
for the defects .seems to be in the character of the concrete. From the many 
cases of structures in good condition after many years, notably the docks 
in New York Harbor, the conclusion is drawn that concrete can be used 
with confidence in .sea-water construction provided it is proportioned and 
laid with the be.st materials so as to form a dense im])ervious concrete. 
A .still further precaution is U) kecj) the concrete from immediate con- 
tact with sea-water by leaving the forms in place for several weeks. 

*** Fabrication of Beton Blocks by Manual Labor," by Schuyler Hamilton, Transactions Amer> 
lean Society of Civil Engineers, Vol. IV, p. 93. 

j-See paper by L. Vernon Harcourt in Proceedings Institution of Civil Engineers, Vol. CXII, p. a. 

^Proceedings Institution of Civil Engineers, Vol. LXXXVII, p. 230. 

§W. R. Kinniple, Proceedings Institution of Civil Engineers. Vol. LXXXVII, p. 65. 
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CHAPTER XVI 

EFFECT OF SEA WATER UPON CONCRETE 
AND MORTAR* 

By R. Fkret, 

Chief of the Laboratory of Bridges and Roads, Boulognc-sur-Mcr, France. 

The principal conclusions which have been reached by the author of this 
chapter, as discussed in the following pages, may be summarized as follows: 

(1) No cement or other hydraulic product has yet been found which 
presents absolute security against the decomposing action of sea water. 
(See p. 309.) 

(2) The most injurious compounrl of sea water is the acid of the dis- 
solved sulphates, suljihuric acid being the principal agent in the decompo- 
sition of cement. (See p. 310.) 

(3) Portland cement for sea water should be low in aluminum (see p, 
312), and as low as possible in lime. (See p. 311.) 

(4) Puzzolanic material is a valuable addition to cement for sea water 
construction. (See p. 313.) 

(5) As little gypsum as possible should be added, for regulating the time 
of setting, to cements which arc to be used in sea water. (See p. 310.) 

(6) Sand containing; a large proportion oj fine grains must never be used 
in concrete or mortar jor sea water construction. (See p. 316.) 

(7) ''rhe proportions of the cement and aggregate for sea water con- 
struction must be such as will produce a dense and impervious concrete. 
(Sec p. 316.) 


EXTERNAL PHENOMENA 

At present there is no hydraulic product which is known to be capable 
of resisting absolutely the decomposing influence of sea water. It is true 
that some concrete masonry has remained intact for a very long time in 
salt water, but with our present knowledge it is im])os.siblc to say why 
these structures have resisted so well, and there is little doubt that the 
cements from which they were made might have decomposed rapidly if 
they had been used under different conditions. In some cases, on the 
other hand, similar large structures subject to the action of sea water were 

*The authors are indebted to Mr. Feret for this chapter, which has been especially prepared 
by him for this Treatise. 
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ruined in a few years and were torn down and completely rebuilt. Notable, 
instances of this kind are the failures which occurred in the ports of Aber- 
deen,* Dunkerque, and Ymuiden. 

SucK occurrences have aroused greiat interest in the subject of the action 
of sea water upon mortars, and but few questions have received more 
careful study. In spite of this, however, it cannot be said that any sure 
means of preventing these failures have been found. 

The decomposition manifests itself in various ways: sometimes the 
mortar softens, and little by little becomes disintegrated; sometimes the 
mortar becomes covered with a ( rust which finally cracks olT; more often 
fine white veins develop on the surface of the mortar, these gradually grow 
large and open, the mortar swells, cracks, and falls oflF in small pieces or 
collai)ses in a [)ulp-likc mass. Almost always the interior of the decom- 
j)oscd mortar is found to contain a soft white material which may be easily 
separated from it. The chemical composition of this substance is not, 
however, constant. f C/cncrally, the more advanced the state of decom- 
position, tile more readily the white material can be extracted from the 
mortar and the richer it is in magnesia. The proportion of sulphuric acid 
in it also increases with tlie degree of decomposition, though less uniformly. 

ACTION OF SULPHATE WATERS 

For several years the injurious action of sea water upon hydraulic com- 
pounds was attributed chiclly to the magnesia in the water. It is note- 
wortliy, however, that chloride of magnesia is almost without action, while 
sulphate of magnesia acts very energetically upon cement, and it has now 
been asc’crtained that magnesia plays only a secondary part, while in fact 
it is the siil}d\uric acid combined as a soluble sulphate which is the real 
cause of the decomyiosition. 

This has been confi.med in practise by the destruction of masonry 
wasl'.cd by water which has traversed earth containing gypsum, ov built 
from mortar made nith sand which has been extracted from strata con- 
taining sult)hate of lime.J A c(»nsideration of this fact makes it apparent 
how dangerous it is to use, in concrete or masonry subject to the action of 
sea water, cements to which the gypsum has been added for the purpose of 
regulating the rate of their setting i^r of increasing their initial strength.§ 

There are nuinerc^us instances In which brick masonry has rapidly de- 

♦Smith, Proceedings Institution Civil Engineers, Vol. CVTT, i89i>92. 
fFeret. Annalos dcs Ponts et Chaassees, i8<>2, II, p. 93. 
tBied, Annalcs dcs Ponts ct Chauss^cs, 1902, III, p. 95. 

§Feret, Annales des Ponts et Chaussees, 1890, 1 , p. 375. 
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composed because the bricks, burned with coal, contained alkaline sul- 
phates which when' drawn out by water attacked the mortar of the joints.* 

These practical observations combined with certain laboratory experi- 
ments intelligently conducted have demonstrated that sulphuric acid is the 
principal agent in causing decomposition. 

CHEMICAL PROCESSES OF DECOMPOSITION 

Messrs. Candlot,t Michaelis,! and Deval§ have discovered successively 
by different methods that aluminate of lime Alj O3 3 CaO, which exists in 
cements in company with other calcareous salts, such as silicates, possesses 
the property of combining with sulphate of lime so as to give a double 
salt Alg O3 3 CaO, 3 (SO3 CaO) combined with a large (piantity of water 
with great increase in volume. This substance, moret)ver, has no firm 
coherence. It is soluble in pure water, but insoluble in lime water, a fact 
that explains its existence in a solid state in mortars. 

On the other hand, even if the cements do not contain free lime when 
they are anhydrous, their setting under the action of water frees a part of 
the lime which was combined with the acid elements, principally with 
silica. If a soluble sulphate other than sulphate of lime is [daced in con- 
tact with a hydraulic binding material during hardening or after having 
set, it produces, with the freed lime, sulphate of lime, vvliich in turn com- 
bines with the aluminate, giving “.sulpho-aluminate,^’ and produces the 
swelling which causes the disintegration of the mortar, 'fhe same reac- 
tions would be produced, moreover, without the intervention of free lime 
as a result of the reaction of the sulphuric acid of the salt dissolved by the 
water upon a part of the lime of the binding material. 

Although the formation of the sulpho-aluminate of lime seems to be the 
principal cause of the decomposition of cement by sea water and sulphate 
waters, it may not be the only one: the setting and the hardening of the 
cement in contact with water result in the se[)aration of compounds rich in 
lime, in salts less calcareous, and in free lime. According to the nature 
of the medium and the conditions affecting its i)reservation, this reaction 
may be modified or counteracted in such manner that the hanlening cannot 
follow its regular course; likewise, the lime set at liberty may be dissolved 
little by little in the water which penetrates the mortars, and may disappear 
by exosmose, giving place to other more or less injurious compounds. 

*Zainbom, Industria, October 15, 1899. 

jCiments et Chaux Hydrauliques, Paris, 1891, p. 257. 

|Der Cement-Bacillus, Berlin, 1892. 

(Bulletin de la Soci6t£ d'Encouragement pour Tlndustrie Nationale, 1900, !, p. 49. 
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These various phenomena are yet far from being satisfactorily explained; 
nevertheless, it appears that those cements which are richest in lime are 
the most quickly decomposed. 

SEARCH FOR BINDING MATERIALS CAPABLE OF RESISTING THE 
ACTION OF SEA WATER 

For a long time the efforts of experimenters have been directed toward 
finding a cement of such comiiosition that it cannot be decomposed by sea 
water. Thinking at first that the destructive action of the water resulted 
from the substitution of the magnesia which it contained, for the lime of the 
cement, the idea was conceived of making cement by burning dolomitic 
limestone which consei^uently was composed largely of salts of magnesia. 
But it was found that the magnesia which tliis contained, since it was 
burned necessarily at a very high temperature, was slaked with great 
difficulty, and by its tardy hydration caused the mortar to swell. Cements 
were also made experimentally of baryta, a laboratory product whose high 
price does not permit its introduction into regular practice.* 

After the discovery of the sulpho-aluminate of lime, the question changed 
its aspect, and alumina was considered a dangerous element in cement, 
the proportion of which ought to be reducetl as much as possible. At 
present the specifications adopted by the Administration of Public Works 
in France limit to 8% the maximum amount of alumina allowed in cement 
intended for use in sea water, and this limit would be placed much lower 
were it not for the fact that in many localities it would be very difficult to 
obtain products containing less alumina. On the other hand, the percen- 
tage of alumina cannot be greatly reduced without at the same time ren- 
dering more difficult the burning of the cement, in which operation this 
element acts as a flux. Accordingly, it was suggested that the alumina 
be replaced by iron oxide. Cements have been made in the laboratory 
which were absolutely free from alumina and rich in iron, and these re- 
sisted sea water very well.t The various hydraulic cements and limes 
produced by the works of Teil, whose reputation is world- wide, contain 
not more than 2% of alumina, and some of them usually last much better 
m sea water than most of the Portland cements which contain between 
7% and 8% of alumina. These too, however, become decomposed under 
certain conditions, but with this peculiarity — that their disintegration is 
not usually accompanied by any increase of volume. 

*L.e Chateli^^r, Annales des Mines, May and June, 1887. 

fLe Chatelier, Coniv&s International des Mat^riaux de Construction, held at Paris in I90(^ Vot 
11 , Part 2, p. cr 
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It has been noted that the cements which are the richest in lime decom- 
pose the most quickly in sea water. Based upon this observation, the 
experiment was also tried of making cements for marine use by burning 
mixtures less rich in carbonate of lime than the ordinary Portland cements. 
This diminished the strength of the cement, but the falling off in strength 
was only of secondary importance. The principal difficulty lay in the 
process of manufacture. In burning cements of this class there was pro- 
duced in the kilns a considerable quantity of ]jovvdcr possessing only a 
comparatively feelile hydraulic power, which obstructed tlic draught. 
This difficulty was lessened by mixing ferruginous materials (ore, etc.), 
or even sulphate of lime,* with the raw nuiterials ])cf()rc burning. Also, 
the use of rotary furnaces jirevents the choking of the draught. As has 
just been said, cements low in lime do not attain as great strength as the 
ordinary Portland cements, but they generally resist the decomposing 
action of sea water better. 

When the proportion of limestone is small, the burning can be done 
only at a very low temi)eratiirc, and the cement obtained sets very quickly. 
Some of these low lime cements appear to resist chemical decomposition 
satisfactorily, while others resist no better than most of the Portland ce- 
ments, a differeiue which has not yet been explainerl. In any case, on 
account of the rapidity of set, this class of cements cannot readily be used 
on large work, and, in fact, their use is mainly limited to sj)ecial cases. 

Another means of neutralizing the bad effects of the excess of lime liber- 
ated by the setting of Portland cement consists in mixing with the latter, 
before using, materials capable of combining with this lime so as to pro- 
duce insoluble (:omf)ounds. Puzzolans have been found to be the most 
useful material for this purpose. Laboratory tests, verified by experiments 
on a larger scale,| have shown that mortars made in this way generally 
resist sea water better than if they had been made from similar cements 
without puzzolanic material. Sometimes, too, their strength is increased 
by this mixture. It is conceivable, however, that the substances which 
in the Puzzolans appear as acids are less energetic in their action upon the 
lime of the cement than the sulphuric acids of sea water or of water con- 
taining gypsum, and that therefore in the end they will be displaced by 
the latter with the consequent decomposition of the mortar. This methcKi 
cannot then be looked upon as giving absolute security against deterio- 
ration although it has been proved to be useful. 

*Candlot, paper delivered at the meeting of the French and Belgian members of the Inter- 
national Association of the Materials of Construction, on April 25, 1903. 

fFeret, Annales dcs Fonts et Chauss^s, 1901, IV, p. 191. 
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METHOD OF DETERMININO THE ABILITT OF A BHTDlNb 
MATERIAL TO RESIST THE OHEMIOAL AOTION OF 
SULPHATE WATERS 

One method is to gage the cement to be tested with sufficient water to 
obtain a plastic paste, si)read this paste on glass places so as to form cakes 
or pats with thin edges, immerse the pats in sea water, and observe them 
from time to time. Hut with this method the amount of deformation in 
the pats depends to a large extent upon the hardness of the paste at the 
time of immersion, so that a cement which cracks when immersed before 
setting may stand a long time without showing any trace or alteration if 
the pat is not placed in contact with the winter until twenty-four hours after 
gaging. Further, the surface of the pat is cjiiickly covered by a crust more 
or less thick resulting from the partial carbonization of the freed lime, so 
that the substitution of magnesia for a part of this lime and the presence 
of this crust may influence the (lecom[)osition of the underlying cement. 

Another and more exact method consists in molding a block of cement 
or of mortar of a sufllrient thickness; for example, a briquette such as is used 
for a tensile test. Allow this to harden in the usual \vay, say for twenty- 
eight days, then cut out from the center of this block a small solid disc with 
sharp edges, and imracpsc it in sea w^ater or in a sul[)hate solution (satu- 
rated gypsum, sul[)hate of magnesia, etc.). In order to prevent all new 
supcrfuial carbonization of the specimen, carbonic acid should not be 
allowed to conic in contact with or be present in tin’s liquid. When de- 
composition occurs in the cement it is indicated by cracks which appear 
at the edge of the disc after a lapse of a variable time. 

As a third test, sea water under pressure can be made to filter contin- 
uously through mortars made wdth fine sand. The author of the present 
chapter uses for this test mortars containing from 250 to 450 kilograms 
(551 to Q91 lb.) of cement per cubic meter (35.3 cu. ft.) of sand (corre- 
sponding approximately to proportions t: 6 to 1:3 by weight) which he 
gages to a plastic consistency and molds into cubes 50 square centimeters 
(7.74 sq. in.) on a face, with a tube of brass penetrating to the center of 
the block. After a few days the brass tubes are attached with India rubber 
tubes to a vessel containing sea water under a head of 2 meters (6.52 ft.). 
The amount of water which flows through each cube in a given time is 
accurately measured from time to time, the cube being immersed in sea 
water in a glass receptacle, where the state of preservation of the mortar 
can be closely observed. 

Finally, the following quite rapid method is used in the laljoratory at ^ 
/Boulogne. A mixture is made consisting of 100 parts of cement to be 
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tested and 300 parts marble ground to a fine powder. To this is added 
gypsum in the form of a very fine powder, varying^ progressively from 
0%, to 20% of the weight of the cement. Plastic mortars are then made 
from each of these mixtures, which are molded into prisms 2 by 2 by 12.5 
centimeters (0.8 by 0.8 by 4.9 in.), allowed to harden for seven days in 
moist air, and then immersed in fresh water after the length of each has 
been exactly measured. The water is frequently renewed and at stated 
periods the lengths of the prisms are again measured, at which time their 
state of preservation is also examined. 

The ability of the cement to resist decomposition by sulphates is indi- 
cated by the time taken for the prisms to expand abnormally and to develop 
cracks, and also by the quantity of gypsum which the binding material is 
able to bear for a given time without deterioration. 

As a result of a long series of experiments, especially of those made by 
the last two methods, the conclusion has been reached that no binding 
material has as yet been found which will not be decomposed sooner or 
later when subjected to these tests, so tliat at present no cement can be 
looked upon as absolutely safe from the action of sea water. 

MECHANICAL PROCESSES OF DISINTEGRATION 

It seems possible to divide the phenomena of disintegration into two 
classes according as the destruction of the mortar is produced by a sort of 
progressive dissolution of its elements without appreciable change in 
volume, or as the products of decomposition, collecting in the pores, en- 
large them and produce a scaling off and a weakening of the mortar. 
This second class of phenomena is much the more frecjiient and serious. 

In both cases decomposition may be produced when the mortar is simply 
immersed, because of the penetration of the water into its pores and its 
renewal by the double phenomenon of endosmose and exosmose. But 
when the masonry is subjected to different degrees of pressure upon its 
opposite faces, as is usually the case, this tends to establish a current of 
water through it and the replacement of the dissolving elements goes on 
more actively. However, disintegration may, under these conditions, pro- 
ceed more slowly if the current of water is strong enough to carry away the 
solid products of decomposition as they are formed. The writer has cited 
in a former paper* experiments which plainly show the difference between 
Ihese two methods of decomposition: if lean mortars, made with the same 
cement and sands of different granulometric compositions, are kept in abso- 
lutely quiet sea water, those which disintegrate most rapidly are the ones 
*Aiili[a!e»deftPonttetCluusi^i89a,II,pp. io6to iiA ' 
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into whose composition there enters no'fine sand, but only medium sand 
or, and above all, coarse sand. These latter are the mortars that contain 
the voids of largest size. On the contrary, if a series of similar mortars are 
subjected to a continuous filtration of sea water, those made from coarse 
sand remain intact, while decomposition is more and more active for mortars 
containing more and more fine sand. In practise this latter is the most 
frequent case^ and, in fact, it has been verified that the destruction of concrete 
or mortar by sea water has in most cases been due to the use of too fine sands. 

This is a point which cannot be too strongly insisted upon, and experi- 
ments show tliat a rather lean mortar of coarse sand is much preferable to 
a mortar of fine sand, even when a very large (quantity of cement is intro- 
duced into the latter. Fine sands ought to be banished relentlessly from 
sea water construction even when the cost of coarse sand is very high.* 
When stone is at hand, an excellent sand can be ol^tained economically 
by crushing it. 

PROPORTIONS FOR MORTARS AND CONCRETES 

From the preceding it is evident that the best means of fighting against 
sea water is to prevent as far as ]>ossibic its ])enetration into the mortars 
and concretes, and accordingly to make those of great density. 'Fhe 
authors of this volume have suggested in a preceding chaiiter (Chapter IX) 
with what size of sand and what c|uantitv of cement this result can best be 
attained in mortars: the maximum density is obtained with a mortar con- 
taining sand com]K)sed of material having about two parts of very coarse 
grains to one of fine grains, iiKduding cement. Usually, natural sands, 
even the coarsest, contain a jiroportion of relatively line sand suflicient to 
make it useless to add more with the cement. If a sand is used from 
which the fine grains have been screened, and this is mixed with about 
one-half of its weight of cement, a mortar is obtaineil at once very dense 
and of great strength, but whose use would often be too costly. In .such 
cases the cement can be rej^iaced ])y a mixture of sand and cement pre- 
pared in advance, such as the product known as ^‘sand-cement,’* for the 
making of which a few factories have been built in Europe and also in 
America. It must be borne in mind, however, that this solution, excellent 
for mortars destined to remain in the air or to come in contact only with 
fresh water, would be poor to use in sea water, for very tine sand intimately 
mixed with cement separates its grains and increases the surface of attack, 
and various experiments have shown that this kind of mortar suffers 
severely in sea water. 

*Scc also, Fcret, Qaumaterialienkunde, 1896, p.. 139, and “ Le Ciment,** 1896, p. 212. 
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For use in sea water, on the contrary, if a gooci puzzolanic material can 
be procured on favorable terms, it is advantageous to grind this with the 
cement to take the place of the fine sand, so that in the mortar it may play 
both a mechanical and a chemical role, assuring to it a great density, and 
at the same time forming, with the lime freed by the setting, compounds 
which tend to harden the mortar and render it impermeable. 

For concretes the law of greatest density is not the same as for mortars, 
and it has not yet been possible to express a general law. It is necessary 
to see that the concrete does not contain voids, and above all that the cement 
is not diluted by an excess of fine sand, which must always be considered 
as the greatest enemy of masonry in sea water. 

In every case the sea water should be i)revented from coming in con- 
tact with the work for as long a time as p()ssii)le, so that the setting of 
the cement may be already considerably advanced. Yet it must not be 
forgotten that when the mortar contains a puzzolanic material its hard- 
ening can be properly elTected only in the presence of moisture. 


MIXTURES OF PUZZOLAN AND SLAG WITH CEMENTS 

Tests by M. Vetillart and the writer, described in detail in a paper pub- 
lished in Annales des Ponts et (liaussees, 190S, 1 , page 121, indicate that 
Puzzolanic material may be of great value when mixed with Portland cement 
for concrete construction in sea-water, materially increasing the durability 
of the concrete without increasing its cost. 

The conclusi()ns reached in these tests are as fcdlaws: 

"J^he use of Puzzolan in hydraulic mortar^ In combination with the cement 
increases the strength, and in a great many cases a pj^reciably retards disin- 
tegration by sea-water. It should be employed then, at least experiment- 
ally, in accordance with the following recommendations: 

Grind the Puzzcian to the fineness of Portland cement. 

Mix it mechani-ally with the cement so as to obtain an absolutely thor- 
ough mixture. 

For Portland cement and a good natural Puzzolan, take two parts by 
weight of cement to one part of J^uzzolan. 

Select only Puzzolan of known go(Kl quality; the use of gaize slightly 
roasted is especially rect)m mended. 

If other kinds of cement or limes arc used with Puzzolan, or if the Puz- 
zolan is of doubtful quality, - especially if it is obtained from granulated 
slag or a similar industrial by-product, — determine the projjortions of the 
mixture by means of preliminary trials based on tests of strength. 

Add to the sand the mixture of cement and Puzzolan as pure cement 
would be added, and in the same proportions; mix and place the mortar in 
the usual manner. 

Always use for comparison with the Puzzolan mortar, specimens of 
mortar, of the same proportions and made under identical conditions, in 



3i8 yt TREATISE ON CONCRETE 

which the mixture of cement and Puzzolan is rcplaced'by the same weight 
of pure cement. 

Allow the l'uzz>jlan mortar to harden in the i)rosencc of moisture. 

It is as yet impossilile to sugge.st detail rules for the acceptance and con- 
,trol of Puzzolan cements. 'Flic recommendation is made, however, that 
their ability to resist the decomposing action of the salts in sea-water be 
compared to the resistance of pure cements by means of the test with sul- 
phate magnesia already referred to."*' 

VARIOUS PLASTERS AND COATINGS 

Various methods have been tried to prevent sea water from wetting 
masonry too soon, either In- coating the work with materials de.signed to 
obstruct the pores, or by covering it with a layer more or less thick and 
more or less impermeable, consisting usually of a rich mortar, clay, bitu- 
minous materials, etc. 

This method of protecting the work is generally rather costly and is not 
applicalile to all kinds of coirstniction. Besides, it jiresents this disadvan- 
tage, that if by accidcMit there is any break in the conti)uiity of the cover- 
ing', the sea water finds a fiassage towards tire heart of the masonry and 
creeps in from one place to another, so that often the coating olTers only an 
illusory security. 

In certain cases, a coating is formed spontaneously by the carbonization 
of the lime in the [larts of the mortar n(*ar the free surface, and this action 
is aided by the development of sea organisms such as sea-weed and shell- 
fish. This cause, together wdtli the differences in the saltncss and the 
temperature of the w'ater, and llie course of the ocean currents, is the 
one which is most often called upon to e\|>lain why mortars decompose 
more quickly in some regions than in others. 


*»= Set* alM) Annalr.s dcs Fonts ChaiisstVs, irjoS, 1 , p 107 
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CHAPTER XVII 

LAYING CONCRETE AND MORTAR IN 
FREEZING WEATHER 

The results of pnictise and experiment with cements exposed to frost, 
which are discussed more in detail in the following pages, may be summa- 
rised as follows; 

(1) Most Natural cements are completely ruined by freezing. (See 
p. 320.) 

(2) The setting and hardeninj^ of Portland cement in concrete or mortar 
is retarded, and the strength at short ])eriods is lowered, hy freezing, hut 
the ultimate strength a])[)ears to be hut sliglitly, if at all, alTcctcd. (See 
P- 32 I-) 

(3) \ thin scale is apt to crack from the surface of concrete walks or walls 
which have been frozen before the cement in them has hardened. (See 
p. 320.) 

(4) Frost expands Natural cement masonry and settlement results with 
the thawing. (See p. 320.) 

(5) Heating tlie materials hastens setting and retards the action of frost. 
(Sec p. 323.) 

(6) Salt lowers the freezing point of water, and in cjuantities up to 
of the weight of the water docs not appear to affect the ultimate 

strength of the concrete or mortar. (See ]). 324.) 

(7) In practise concrete work should be avoided if ])ossible in freezing 
weather, because of the difliculty and expense of attaining perfect results. 
(See p. 320.) 

EFFECT OF FREEZING 

Numerous experimental tests have been made, chiefly in the United 
States, where the effect of frost is a more serious question than in England, 
France, or Germany, to determine the effect of freezing temperatures upon 
hydraulic cements. Although the conclusions of different experimenters 
are not in perfect accord, it is the generally accepted belief, corroborated 
by tests under the most practical conditions and by the appearance of 
concrete and mortar in masonry construction, that the ultimate effect of 
freezing upon Portland cement concrete and mortar is to produce only 
surface injury. 

In their practifje and research the authors have never discovered a case, 
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either in laboratory work or in practical construction, where Portland 
cement concrete or mortar laid with proper care has suffered more than 
surface disintegration from the action of frost. They do not wish to imply, 
however, that it is always expedient to lay Portland cement masonry in 
freezing weather, for the expc;nse of laying is increased, and it is much more 
difficult to satisfactorily mix and place the materials. Mortar for brick 
and stone masonry freezes in the tubs and in the joints, while in laying 
concrete the surface freezes unless measures are taken to prevent it, and 
any dirt or “laitancc” which rises to the surface of wet mixtures is hard to 
remove. It is a well-known fact that a thin crust a])out inch thick is 
apt to scale off from granolithic or concrete pavements which have frozen, 
leaving a rough instead of a troweled wearing surface, and the effect upon 
concrete walls is often similar. It may be stated as a general rule that 
concrete work should, if jx)ssible, be avoided in freezing weather, although 
if circumstances warrant the added expense, with proper precaution and 
careful inspectio!! mass concrete may be laid witli Portland cement at 
almost any temperature. 

Most Natural cements, on the contrary, are seriously injured by frost 
especially by alternate freezing and thawing, and while occasional cases 
arc on record, especially in heavy stone masonry in which the weighted 
joints have thawed slowly, whore Ncitural cement mortar has been laid in 
freezing weather without serious results, numerous examples might be 
cited where even after several years the c'oncrete or mortar was but slightly 
better than sand and gravel. Mr. Thompson has observed this result in 
Natural cement mortar laid during the comparatively warm winter of 
North Carolina on days when the temperature was considerably abo\e 
freezing at the time of la3dng, and also in the cold climate of Maine where 
the mortar froze as it left the trowel and did not thaw until spring. 

The settlement of the masonry when thawing is often a scriems charac- 
teristic of Natural cements. Stone masonry walls laid in freezing weather 
in Natural cement mortar may settle as much as J inch in the height of a 
window jamb. 

Experiments upon Natural cement mortars have not positively confirmed 
the judgment reached by nearly all engineers experienced in construction 
in freezing weather. Occasional tests are recorded in which such mortars, 
especially when subjected to a uniformly cold temperature and then sud- 
denly thawed, have attained full strength, but these are insufficient to 
warrant the use of any exce[)t Portland cements when frost is likely to 
occur before the mortar is thoroughly dry. 

The prevention of injury from frost in certain cements may be due, at 
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least in part, to the internal heat produced when setting. In the interior 
of a large mass, some cements, especially high grade Portlands, attain a 
high temperature. (See p. 130.) 

Freezing Experiments. An extensive series of experiments upon frozen 
mortars has been conducted by Mr. Thomas F. Richardson, at the Wachu- 
selt Dam in Massachusetts. The results of tests extending up to one year 
showed that although briquettes mixed i ])art cement to 3 parts sand had 
less strength at the end of seven days than those which had not been frozen, 
the frozen specimens after longer periods, especially at the end of one year, 
gave as high and often higher strength than those which were kept at 
ordinary tem])eratures. The conclusion was reiiched, therefore, that Port- 
land cement mortar is not ])ermancntly injured by freezing. 

Mr. Richardson’s ex])eriments were conrluctcd in the middle of the 
winter of 1902. He gives the following description* of the tests: 

Two bags of Portland cement were thoroughly mixed together and all 
the briquettes were made from cement from these bags. Masonry work 
on the Wachusett Dam was in progress during the period, and briquettes 
were made each week and submittcfl to the same conditions as the masonry, 
the molds being tilled with mortar and jilaced out doors in the air, not in 
wah'r, immediately after filling. 

Briquettes were made at the same time as the ones exposed to the weather, 
and kept in the laboratory, either in the air or in water, those in the air 
approximating more closely the conditions which obtained 0.1 the masonry 
construction at the dam. About of the briquettes out doors waTe exposed 
to temperatures as low as (f above zero in the first 24 hours, and .some of 
them to temperatures as low as 12° below zero in the first week. Salt was 
u.sed in most of the ex])erimcnts, the (luantity ranging from 4 to 16 pounds 
per barrel of cement, the average being about 6 jKninds or about 3% by 
weight of water. C^ur cx])eriments indicate that 8 pounds of .salt per barrel 
of cement is sufficient, even in the colde.st weather, and the re.sults from 
4 i)ounds arc very nearly as good; 16 pounds do not seem to give quite as 
good results. 

The following table gives the average results of the experiments: 


Eflect of Frost upon Tensile Strength of Mortar, {Sec />. 32 1.) 
By Thomas F. Richardson. 


Briquettes Kept 

No. of 
Bri- 
quettes 

T 

7 d. 

ensile StreiiKth, Ih. 

I 28 d. 1 3 mo. 

, i)er sq. i 

6 mo. 

n. 

X yr. 

Water in laboratoiy 

20 

268 

304 

359 

370 

401 

Air in laboratory 

20 

298 

.352 

364 

392 

517 

Out doors, below freezing 

80 

139 

238 

344 

43S 

627 


*Kindly furnished by Mr. Richardson for this Treatise. 
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, The briquettes were, made in sets of 5, consequently 4 experiments are 
shown for water and air in laboratory, and 16 for out doors. 

In ‘France similar results have been reached by Mr. P. Alexandre* as 
to the effect of temperatures slightly above freezing. 

Mr. Charles S. (Jowenj- also has concluded from his tests that ‘‘there is 
no indication that freezing reduces the ultimate strength of the mortar, 
although it delays the action of setting.” 

The effect of different uniform temperatures upon neat cements and 
mortars is illustrated in Fig. iii, which is selected and adapted by the 
authors from a scries of experiments by Mr. J. E. Howardf at the Water- 
town Arsenal. The results with both neat cements and mortars show but 



Sc*t in Air at Different Temperatures. {See 322.) 

•' slight increase in strength while the specimens are maintained at o® Fahr. 
( — 18° Cent.), but a decided increase in strength as soon as they are sub- 
jected ib a higher temperature. The zero cubes were removed from the 
freezer and allowed to set one day at 70° Fahr. (21® Cent.) before break- 
ing. 

Cold retards setting. Prof. Tetmajer§ found, for example, that 1:3 
Portland cement mortar which attains its initial set at 2f hours and its- 
final set at 8J hours when mixed at 65® Fahr. (18° Cent.), at a temperature 
of freezing reaches its initial and final set at 21 and 38 hoiu^ respectively. 

^Annales des Fonts et Chauss^s, 1890, II, pp. 302 and 422. 

fProceedings American Society for Testing Materials, 1903, p. 393* 

jTcsts of Metals, U. S. A., 1901, p. 530. ^ 

(Johnson's Materials of Construction, 1903, p. 616. 
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METHODS OF OOHSTBUOipiON IK FBEEZIKO WEATHER 

Certain classes of concrete construction, such as foundations or heavy 
walls, whose face appeararice is of no consequence and which will have 
opportunity to thaw and then thoroughly harden before loading, may be 
laid in freezing weather with first-class Portland cement, but it is absolutely 
necessary to thoroughly remove all dirt and frozen ^‘laitance” (see p. 393) 
before placing fresh concrete. This is a much more difficult matter than 
would appear, because frozen dirt has the same ap[)carance as set concrete. 

Tn the case of structures which must not be permitted to freeze, work 
may often be conducted by maintaining the atmosphere artificially above 
the freezing point. In temperatures only a few degrees below freezing, it 
is a common practise to heat the materials, the lieat tending both to accel- 
erate the setting of the cement and to lengthen the lime before the mixture 
becomes cold enough to freeze. The addition of salt lowers the freezing 
point of the water, and therefore of the concrete or mortar. 

Protection from Frost. I'he method of maintaining masonry above 
the freezing point de])ends upon the character of the structure. 

In building const ruction, the reinforced concrete must be kept from 
freezing and maintained at a fairly high tcm|)craturc to permit j)roper 
hardening. A common [dan is to cov€*r a lloof as soon as laid with clean 
straw, free from manure, to a depth of about 1 2 inches, and then [)rotect 
the columns and girders underneath by temporary canvas walls surround- 
ing the entire building, heating the enclosed .space with stoves. t 

A dam was constructed at Chaudiere Falls, P. Q.* when the temperature 
was 20° below zero. A house 100 feet long by 24 feet wide was built over 
a portion of the dam in sections about 10 feet .square, bolted together, and 
heated by sheet-iron stoves about 18 inches in diameter by 24 inches high, 
burning coke. The concrete was mixed and laid in this hou.se, which, 
when one portion of the dam was completed, was taken down and erected 
in another place. 

Heating the Materials. Where hand-mixing is employed, an arrange- 
ment used on the Newton, Mass., sewers is useful. Sand for one or more 
batches is placed in a bottomless box containing a coil of steam pipe, the 
exhaust end of which is then extended to the mixing })latform and arranged 
to discharge through the bottom of the platform into the bottomless box 
employed for measuring the stone, so that the latter is heated by the ex- 
haust steam. The cement is warmed by piling the bags on top of the sand 
box. 

f Transactions American Society Civil Engineers, Vcl. LX, 1908, p. 453. 

♦ Engineering News^ May 7, 1903, p. 402. 
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An ordinary sand heater, such as is used for asphalt materials, may also 
be employed, and the stone heated by steam from a hose. A modification 
of the sand heater,* arnanged to form the combined water, sand, and stone 
heater illustrated in Fig. 112, has been used on the New York Central 
Railroad. 

Experiments by Mr. Thomas F. Richardsoni tend to show that heat- 
ing the materials of mortar has but little, if any, permanent effect upon 
its strength. 

Addition of Salt. Because of its cheapness salt is most commonly 
employed to lower the freezing point of water. Other materials, such as 
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Fig. 112 , — Combined Water, Sand, and Stone Heater for Concrete 
Work in Winter ( See p 524 ) 


glycerine, alcohol, and ijugar,ha\e been expeii mentally employed, but these 
appear to have a tendency to lower the strength of the mortar 

Salt has been more extensively employed in mortars than in concretes. 
Rules have been foimulated for varying the percentage of salt with the 
temperature of the atmosphere Prof TetmajersJ rule, for example, 
reduced to Fahrenheit units, requires b\ weight of salt tp the weight 
of the water for each degree Fahrenheit below freezing 
A rule frequently cited in print, which practical tests by the authors 
have proved to be entirely inadequate, is to lequire one pound of salt to 
i8 gallons of water for a temperature of 32° Fahr. and an increase of one 

♦Geofgc W. Lee in Engineepng NewSf March 19, 1903, p 246. 

f Report Metropolitan Water and Sewerage Board, 1904, p, 110. 

{Johnson's Matenals of Construction, 1903, p 615 
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oiince for each degree of lower temperature. For i6® Fahr. this corre- 
sponds to but slightly more than i% of the weight of the Water, an amount 
too small to be effective. Since the temperature of the air usually cannot 
be determined in advance, an arbitrary quantity is as suitable as a variable 
one. In the New York Subway work in 1903, 9% of salt to the weight of 
the Water was adopted. On the Wachusett Dam, during the winter of 
1902, 4 pounds of salt were used to each barrel of cement. For i : 3 
mortar this corresponded to about 2% of the weight of the water. 

Experiments show that ordinary quaking” concrete in proportions 
i: 2^; 5 requires about 130 pounds of water per barrel of Portland cement, 
hence 10% of salt in average concrete is equivalent to 13 pounds per barrel 
of Portland cement. Ordinary i: 2J mortar requires about 120 pounds of 
water per barrel of Portland cement, hence 10% of salt in average mortar 
is equivalent to about 12 pounds sall^per barrel of Portland cement. SaP 
is sometimes added in sufficient quantity to “float a potato” or an egg. 
According to tests of the authors, about 15% of salt to the weight of the 
water is required to float a potato, and about ti% to float an egg. 

Recent experiments, by Mr. Gowen* and Mr. Richardson, f extending 
up to a period of one year, tend to show that salt in a quantity corre- 
sponding to at least 10% of the weight of the water does not lower the 
ultimate strength of ordinary mortar. The time of setting, however, is 
considerably increased and the .strength at short periods is lowered. The 
effect, at laboratory temperature, of 10% salt wdth i : 3 Portland cement 
mortar is illustrated in the following table: 

Tensile Strength 0} 1 13 M ortars made with Fresh and Salted Water* 

By Charles S. Gowen. 

X week. tnn. 3 mos. o mos. 9 mos. la mos 


l^rcsh water used 112 183 2^ 335 351 458 

Salted water used 68 131 215 266 301 413 


In Mr. Richardson’s experiments J smaller percentages of salt proved 
beneficial. Portland cement mortar in proportions t : 3, mixed ^vith 4 and 
8 pounds of salt per barrel cement (corresponding respectively to about 
2% and 4% of the weight of the water), gave slightly higher tensile strength 
than the unsalted mortar at all periods from 7 days to one year. 

Experiments by Mr. E. S. Wheeier§ indicate that the use of 10% of salt 
tends to prevent the swelling of briquettes in the molds, even if the speci- 
mens freeze. 

♦Proceedings American Society for Testing Materials, 1903, p. 393. 

< fReport Metropolitan Water and Sewerage Board, 1903, p. 112. 

tSee page 321. 

§Report Chief of Engineers, U. S. A., 1895, pp. 2963 to 2971. 
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Practical Proportion of Salt. Since in practice it Is impossible to tell 
how low the temperature will fall before the concrete sets, Mr. Thomp- 
son has adopted the arbitrary rule of 2 i)ounds of salt to each bag of 
cement to be used when the temperature is expected to fall several degrees 
below freezing, and if experience shows that this is not quite sufficient 
to prevent die frost catching the surfaces, 3 pounds of salt per bag of 
cement are to be used instead. 

1'he sail can be added most conveniently by putting it into the mixing 
water. 'Fo determine the amount of salt per barrel or per tankful of 
water, the ((uantity of water used per bag of cement must be noted and 
from this the amount can be readily figured. 

Calcium Chloride. Ex[)erimcnts indicate that ( alcium chloride added in 
quantities not exceeding 2% of the weight of the cement is an effective 
agent for lowering the freezing point of the concrete. It should be used 
with caution, however, since a larger (piantity than this is likely to so 
hasten the set as to make the concrete difficult to handle. 
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CHAPTER XVIII 

FIRE AND RUST PROTECTION 

Observations of steel imbedded in concrete which has been exposed to 
6rc or to corrosive action, and experimental tests prove conclusively that 

to 2 inches of dense Portland cement concrete, maile in ordinary pro- 
portions, with broken stone, gravel, or cinders, of good quality, and mixed 
wet, will effectually resist the most severe fire liable to occur in buildings, 
and will prevent the corrosion of steel even under extraordinary conditions. 
In members of inferior im|)ortance or which arc only liable to fire of com- 
paratively low temperature, a less thickness of concrete, in many cases 
J-inch or even J-inch, will prove effective. (See j). 333.) 

In buildings concrete has been found a more effective fire-resisting 
material than term -cotta (see p. 333) and fully ecjual to first-class brickwork. 
Brickwork cannot exist in a structure except in combination with some 
other material like steel or wood, which is seriously affected by fire, whereas 
concrete reinforced with steel may re[>lace not only the brickwork, but also 
the steel or wood columns and beams. 

PROTECTION OF STEEL BY CONCRETE 

Tests by Prof. Charles 1^. Norton 

Extended practical tests have been conducted by I’rof. Chtirlcs L. 
Norton for the Insurance Eaigineering Station in Boston. As a result of 
experiments made in 1902 upon several hundred specimens, he concludes:* 

(1) Neat Portland cement, even in thin layers, is an effective preventive 
of rusting. 

(2) Concretes, to be effective in preventing rust, must be dense and 
without voids or cracks. They should be mixed quite wet where applied 
to the metal. 

(3) The corrosion found in cinder concrete is mainly due to the iron 
oxide, or rust, in the cinders, and not to the sulphur. 

(4) Cinder concrete, if free from voids and Well rammed when wet, is 
about as effective as stone concrete in protecting steel. 

In his first series of experiments, round rods of mild steel, soft shee 
steel, and expanded metal were each imbedded in the center of blocks 

» ^Engineering N^s, October, 1902, p. 334. 
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concrete^ 3 by 3 by 8 inches. Neat cement, i : 3 mortar, and concrete in 
proportions i cement : 5 broken stone; 1 cement : 7 cinders;- 1 cement: 
2 sand : 5 broken stone; and i cement : 2 sand ; 5 cinders, were employed 
for imbedding the steel. The stone ‘was chiefly of 1;rap rock. These 
specimens, after setting, were subjected continuously to the action of steam, 
air, and carbon dioxide. Unprotected pieces of steel were also exposed 
to the same test. 

At the end of three weeks the unprotected pieces of steel “were found to 
consist of rather more rust than steel.” The protection of the steel incased 
in neat cement was perfect. The remaining specimens, in mortar and 
concrete, were seriously corroded in spots, but it was observed that the 
“rust spot was invariably coincident with either a void in the concrete or 
a badly rusted cinder. In tlie more porous mixtures, the steel was spotted 
with alternate Viright and badly rusted areas, each clearly defined.” One 
point is exceedingly instructive: 

In both the solid and the porous cinder concretes, many rust spots were 
found, except whae the concrete had been mixed very wely in which case the 
watery cement had coated neaily the whole oj the steely like a painty and 
protected it. 

Protection of Rusty Steel. In 1903, Prof. Norton made tests to de- 
termine the protection alTorded ordinary rusty or dirty steel. He found 
that while unprotected steel “vanished into a streak of rust,” if protected 
by an inch or more of sound concrete, not only the sound steel but ordinary 
structural steel of any degree of cleanliness likely to be in use in a building 
is unalTected by such extreme treatment as was accorded it in the tests, 
The conditions of these later experiments were similar to those of the 
previous year. Each piece of steel was stamped, and this removed loose 
scale. Dirt was removed by a soft wire brush. The steel was imbedded 
to a depth of ij inches in all directions in broken stone concrete of pro- 
portions 1:2^15 and in cinder concrete of proportions 1:3:6. The 
treatment of the specimens was similar to that of the previous ones. 

•A portion of Prof, Norton’s conclusions* are given in the followikig 
paragraphs: 

Condition of Specimens. After varying lapses of time from one to 
three rntoths for the specimens in the “corroders,” and from one to nine 
months %r the others, the specimens were broken- out* of the briquettes 
cleaned by brushing, and weighed and calipered. Not one specimen had 

^ '“*• ^Engineering News^ January, 1904, p, 3a 
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shown any sensible change in weight or dimension, except where the 
concrete had' been poorly applied. Some specimens were purposely bedded 
in very dry concrete, and some in concrete partly set, and many of these 
were not well covered and the steel was seriously attacked where there were 
voids or cracks. Of the hundreds of specimens of. rusty steel examined, 
not one which had a continuous unbmken caaling of concrete gained 
or lost anything in volume or weight by treatment which caused the prac- 
tical destruction of s(mie of the unprotected specimens. If loss by cor- 
rosion as great as t-iooo of the loss occurring with the unprotected speci- 
mens had been experienced in the case of the protected pieces it would 
have readily been noted. 

Oonclusions. It would therefore seem that if we admit that from a 
severe trial of a short duration, we may judge relatively of the effects of 
the less severe but longer test of time, it can not be qucsti(3ned that struct- 
ural steel is safe from corrosion if incased in a sound sheet of gocxl concrete, 
at least for a pcriorl of years so long as to make the subject of more interest 
to our great-grandchildren’s children than to us. Wc know that bare 
steel does not rust and fall down over night, and that much of the steel 
standing has been l)arc of everything that could protect it, for long years, 
and it seems to me bet'ond (piestion that steel properly covered in concrete 
may well be expected to last far longer than the changes in; our cities will 
allow any l)uilding to remain. 

Protection by Cinder Concrete. There is one limitation to the whole 
question, that is the possibility of getting the steel proj^erly incased in 
concrete. Many engineers will have nothing to do with concrete because 
of the difficulty in getting “sound” work.' This is especially true of cinder 
concrete, where the porous nature of the (inders has led to much dry 
concrete and many v<3i(ls, and much corrosion. I feel that nothing in this 
whole .subject has been more misunderstood than the action of cinder 
concrete. We usually hear that it contains much sul|)hur and this causes 
corrosion. Sulphur miglit, if present, were it not for the presence of the 
strongly alkaline cement; hui with that present the corrosion of steel by 
the sulphur of cinders in a sound Portland coiu n^le is the veriest myth, 
and as a matter of fact the ordinary cinders, classed as steam cinders, 
contain only a very small amount of sulphur. 'Pliere can be no question 
that cinder concrete has rusted great quantities of steel, but not because 
of its sulphur, but because it was mixed too dry, through the action of the 
cinders in absorbing moisture, and that it contained, therefore, voids; and 
secondly, because in addition the cinders often contain oxide of iron which, 
when not coated over with the cement by thorough wet mixing, causes the 
rusting of any steel which it touches. 

Mix Wet. There i.s one cure and only one, mix wel* and mix well. 
With this precaution I would trust cinder concrete quite as quickly as 
stone concrete in the mailer of corrosion. 

Rust no Protection for Steel. It has been suggested that steel which 
has been rusted to a slight depth becomes protected by this coating from 
further rusting. Nothing could be further from the truth. A large num- 

*See page iSo for the authors" definition of a veiy uret miztui^ 
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ber of specimens were rusted by repeated alternate wetting and drying to 
see if they finally reached a constant condition. Instead ol doing this, they 
all showed an irregular but persistent loss in weight, on further rusting, 
until, some had practically been washed away. 

.Small Rods. The increasing use of steel of small dimensions in floors 
and roofs, twisted rods, expanded metal, etc., has caused some question as 
to the advisability of their use in view of the possible great effects of cor- 
rosion, as compared with the effects of corrosion on larger members, but 
with sound concrete of a thickness of about li in. between the steel and 
the weather 1 do not (question the durability of these lighter members. 

CHEMICAL UNION OF STEEL AND CEMENT 

Experiments of Mr. Hreuille* indicate that clean steel may form with 
cement a chemical combination which is soluble in water. This presents 
an additional reason for making concrete in which steel is imbedded as 
impervious as possible, to avoid the penetration of moisture which will 
wash away this chemical compound, if such is found to exist in actual 
structures. Large Lbeams imbedded in concrete would be especially 
subject to deterioration from this cause, but as rust rarely forms between 
two plates of steel which are riveted together in a bridge, even although the 
rest of the structure is badly corroded, the danger is probably insignificant. 

Cement Paint for Protecting Steel. The property of neat cement 
which prevents steel from corrosion is taken advantage of in different forms 
of cement coating. Mr. Maximillian Toch in 1903! made a series of 
experiments upon metal covered with various preparations of cement, and 
drew the following conclusions: 

(1) A proper cement paint can be applied to a surface that has begun 
to oxidize, and further oxidation will be arrested. 

(2) If the cement be absolutely fine and free from iron, calcium sulphate 
and sulphites, and of low specific gravity, it will set on the surface within 
a very short time, and eventually become an integral part of the metal. 

For exposed iron work Mr. Toch recommends a protective coat of cement 
paint followed by a coat of linseed oil paint. To protect from the fumes 
of a factory, he states that after applying three coats of cement paint, an 
alkali-proof, adherent paint may be spread, and an absolute protection 
afforded to the iron. 

Mr. J. W. Schaubf refers to the UvSe of cement mortar in Europe and in 

♦J. W. Schaub in Transactions American Society of Civil Engineers, Vol.LI, p. 124. 

• ^ ^Lecture on the Permanent Protection of Iron and Steel, delivered before the New York Sec- 
tioo of the American Chemical Society, March 6, 1903. 

^En^^ineering News^ June 16, 1904, p. 561. 
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the United States for coating iron exposed to destructive agencies. He 
says: 

The mortar is usually a mixture of i cement and 2 sand, applied with a 
brush as a wash. Five or six coats are applied in this way to give the metal 
a proper coating.. This is especially applicable in the case of the iron 
work exposed in roundhouses, where the gases from locomotives are so 
destructive, and where paint is so inefficient. 

FIRE PROTECTION 

Numerous experimental tests* have been made showing the value of 
concrete as a fire-resisting material, but the best proof of its ability to resist 
the heat of a severe fire — such as is liable to occur in an office or factory 
building — lies in the fact that concrete has actually withstood very severe 
fires more successfully than have terra-cotta and various other so-called 
fireproof materials. 

The reinforced concrete factory of the Pacific Coast Borax Co. at Bay- 
onne, N. J., passed through a severe fire in 1902. Still more recently, in 
1904, occurred the conflagration at Baltimore in which many building 
materials utterly failed. 

Such practical tests, further confirmed by numerous experiments with 
test buildings of reinforced concrete, have proved that while in a severe 
fire, where the temperature ranges from 1600® to 2000° Fahr., the surface 
of the concrete may be injured to a depth of from ^ to J inch, the body of 
the concrete is unaffected, so that the only repairs reejuired consist of a 
coating of i)laster, and even this only in rare instances. 

Tests upon small briquettes of cement placed in a furnace indicate that 
the strength of cement is destroyed by a heat reaching a dull, red color,f 
but as stated below, in an actual fire, the injured material ])rotects the rest 
of the concrete so that the danger is theoretical rather than real. 

Fire in Borax Factory. The fire in the 4-story reinforced concrete 
factor}^ of the Pacific Coast Borax Company, built entirely of concrete 
except the roof, utterly destroyed the contents of the building, the roof, 
and the interior framework, but the walls and floors remained intact 
except in one place where an 18-ton tank fell through the plank roof and 
cracked some of the floor beams, and in one place on the outside of the 
wall where the surface of the concrete was slightly affected. The fire was 
so hot that brass and iron castings were melted to junk. A small annex, 

'('See References, Chapter XXIX. 
fDigest of Physical Tests, Vol. I, p. iiy. 
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built of steel posts and girders, was completely wrecked, and the metal bent 
and twisted into a tangled mass. 

Baltimore Fire. The effect of the fire upon the concrete in various 
buildings located in the center of the burned districts of Baltimore is best 
appreciated by an examination of the reports of experts upon the fire. 
Capt. John S. Sewell, in his report to the Chief of Engineers, U. S. A.,* in 
referring to the fire in one of the buildings built with reinforced concrete 
columns, beams, and arc^hes, writes: 

It was surrounded by non-fireproof buildings, and was subjected to an 
extremely severe test, probably involving as high temperature as any that 
existed anywhere. The concrete was made with broken granite as an 
aggregate. The arches of the roof and the ceiling of the upper story were 
cracked along the crown, but in my judgment very slight repairs would 
have restored any strength lost here. Cutting out a small section — say 
an inch wide — and caulking it full of good strong cement mortar w^ould 
have sufficed. The exposed corners of columns and girders were cracked 
and spalled, showing a tendency to round off to a curve of about 3 in. 
radius. In the upper stories, where the heat was intense, the concrete 
was calcined to a depth of from i to | inch, but it showed no tendency to 
spall, except at exposed corners. On wide, flat surfaces, the calcined 
material was not more than J-inch thick, and showed no disposition to 
come off. In the lower stories, the concrete was absolutely unimpaired, 
though the contents of the building were all burned out. In my judgment, 
the entire concrete structure could have been repaired for not over 20% 
to 25% of its original cost. On March 10, I witnessed a loading test of 
this structure. One bay of the second floor, with a beam in the center, was 
loaded with nearly 300 pounds per sq. ft. superimposed, without a sign of 
distress, and with a deflection not exceeding J-inch. The floor was de- 
signed for a total working load of 150 pounds per sq. ft. The sections next 
to the front and rear walls were cantilevers, and one of these was loaded 
with 150 pounds per sq. ft. superimposed, without any sign of distress, or 
undue deflection. 


Captain Sewell concludes as a result of the examination of this and other 
buildings containing reinforced concrete construction: 

As the material is calcined and damaged to some extent by heat, enough • 
surplus material should be provided to permit of a loss of say f-inch all 
over exposed surfaces, if the structure is to be exposed to fire; moreover, all 
exposed corners should be rounded to a radius of about 3 inches. This 
latte)P;precaution would add much to the resistance of all materials used in 
masonry — whether bricks, stone, concrete or terra-cotta — if they are to 
be exposed to fire. 

’ * ' ' , * 

; *Rngineering News, March 24, 1904, p. 276. 
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Ooncrete Versus Terra-Ootta. Prof. Norton, in his report on the Balti- 
more fire to thi Insurance Engineering Experiment Station * says: 

Where concrete floor arches and concrete-steel construction received 
the full force of the fire it appears to have stood well, distinctly better than 
the terra-cotta. The reasons I believe are these: First, because the concrete 
and steel expand at .sensibly the same rate, and hence when heated do not 
subject one another to stress, but terra-cotta usually expands about twice 
as fast with increase in temperature as steel, and hence the partitions and 
floor arches soon become too large to be contained by the steel members 
wliich under ordinary temperature properly enclose them. Under this 
condition the partition must buckle and the segmental arches must lift and 
break the bonds, crushing at the same time the lower surface member of 
the tites. 

When brick or terra-cotta are heated no chemical action occurs, but 
when concrete is carried u]) to about i ooo^^ Fahr. its surface becomes 
decomposed, dehydration occurs, and water is driven off. This process 
takes a relatively great amount of heat. It would take about as much heat 
to drive the water out of this outer quarter-inch of the concrete f)artilion as 
it would to raise that quarter inc h to i 000° Fahr. Now a second action 
begins. After dehydration the concrete is much improved as a non-con- 
ductor, and yet through this layer of non conducting material must [)ass 
all the heat to dehydrate and raise the tempeniture of the layers below, a 
process w^hich cannot i)roceed with great speed. 

Ginder Versus Stone Ooncrete. Prof. Norton compares the action of 
stone and cinder concrete in the Baltimore fire as follows: 

Idttle difference in the action of the fire on stone concrete and cinder 
concrete could be noted, and as 1 have earlier pointed out, the burning of 
the bits of coal in poor cinder concrete is often l^alanced by the splitting of 
the stones in the stone concrete. 1 ha\c newer been able to see that in the 
long run either stood fire better or worse than the other. However, owing 
to its density the stone concrete takes longer to lu^at through. ^ 

Further experiments are required to determine the relative durability 
under extreme heat of concrete made with different kinds of broken stone. 
It seems probable, from the composition of the rock, that hard trap or 
gravel may be preferable to limestone, slate, or conglomerate as fire- 
resisting material. 

Tliiekness of Concrete Required to Protect Metal from Fire. The 

conclusion reached by Prof. Nortonf from tests upon concrete arches is 
that two inches of good concrete gives perfect assurance of safety in case of 
fire, even if the steel to be protected is in the form of I-beams. Rods of 

'^Engineering News, June 2, 1904, p. 529. 
f Insurance Engineering, Dec., 1901, p. 483. 
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small dimensions can be more effectively coated, and it appears evident 
froin the various tests and from practical experience in severe fires that 
inches of concrete around steel rods is sufficient protection. The 
'^Pacific Borax Com])any\s fire and other similar tests indicate that in slabs 
of reinforced concrete, \ inch to f inch affords ample protection. Second- 
ary members, such as cross girders, or slabs of long span, should have a 
thickness of concrete outside of the steel varying from J inch to inch. 
Although in slabs protected by only \ inch of concrete, the latter may be 
softened by an extreme fire, and the metal exfiosed when it is struck by 
the stream from a hose, the metal in the majority of cases would still remain 
practically uninjured, and it is questionable economy to put an excess of 
material where there is so little probability of its being needed, andVhere 
a failure would merely f)ro(luce local damage. 

THEORY OF FIRE PROTECTION 

Mr. Spencer B. Newberry, in an address delivered before the Associated 
Expanded Metal Companies, Feb. 20, 1902,* gives the following explana- 
tion of the fire-proof (pialities of Portland cement concrete: 

The two jiriinipal sources from whii'h cement concrete derives its 
capacity to resist fire and f)revent its transference to steel are its combined 
water and porosity. Poitland cement takes up in hardening a variable 
amount of water, depending on surrounding conditions. In a dense 
briquette of neat cement the combined water may reach 12%. A mixture 
of cement with three t)arts sand will take u[) water to the amount of about 
18% of the cement contained. This water is chemically combined, and 
not given off at the boiling point. On heating, a part of the water goes 
off at about 500° Fahr.,l)iit the dehydration is not complete until 900° Fahr. 
is reached. This vaj)orization of water absorbs heat, and keeps the mass 
for a long time at conijiaratively low temperature. A steel beam or column 
embedded in con<Tetc is thus cooled by the volatilization of water in the 
surrounding cement. The principle is the same as in the use of crystallized . 
alum in the casings of fireproof safes; natural hydraulic cement is largely 
used in safes for the same pur^wse. 

The porosity of concrete also offers great resistance to the passage of 
heat. Air is a poor conductor, and it is well known that an air space is a 
most efficient protection against conduction. Porous substances, such as 
asbestos, mineral wool, etc., are always used as heat-insulating material. 
For the same reason cinder concrete, being highly porous, is a much better 
non-conductor than a dense concrete made of sand and gravel or stone, 
and has the added advantage of lightness. In a fire the outside of the 
concrete may reach a high temperature, but the heat only slowly and 
imperfectly penetrates the mass, and reaches the steel so gradually that it 
is carried off by the metal as fast as it is supplied. 

*Cement, May, 1902, p. 95. 
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TESTS OF FZRE RESISTANCE 

Prof. Ira H. Woolson of Columbia University has made several series 
of tests* to determine the effect of heat upon the strength and elastic proj)er- 
ties of the concrete and upon the thermal conductivity of the concrete and 
the imbedded steel. ' 

Effect Upon Strength. Tests to determine the effect of heat treatment 
upon the strength and elastic properties of different mixtures showed that 
the trap concrete was least affected. Concrete two months old, in pro- 
portions 1 12:4, the crushing strength of which before heating was about 2500 
pounds per square incli tested in 7-inch cubes, after being subjected to a 
heat of 1500° Fahr. for two hours gave a strength of about 1000 pounds 
per square inch. However, since this reduction in strength was due at 
least in part to the reduction in the effa:tive area because of the surface 
deterioration (if the surface was injured to a depth of 1 1 inches the effec- 
tive area would be reduced from 49 sep in. to 20 sq. in.), it is probable that 
the interior of the blocks was affected very little. The concrete made with 
gravel, which in these tests was nearly pure quartz having a high coeffi- 
cient of ex])ansion, was affected to a much greater extent. Cinder con- 
crete, which showed a normal crushing strength of about one-half that of 
the trap, after heat treatment gave a corresponding weakening. 

The modulus of elasticity of the concrete was always greatly reduced by 
heat treatment. 

GONDUGTIVITT OF GONGRETE AND IMBEDDED STEEL 

As a result of the conductivity tests, which were made upon specimens of 
trap, gravel and cinder concrete having tliermo-c(niplcs for measuring heat 
transmission imbedded so as to indicate the temperature at points varying 
from ^ inch to 6 inches from the heated face, Prof. Woolson drew the 
following conclusions:! 

All concretes have a very low thermal conductivity, and herein lies their 
ability to resist fire. 

When the surface of a mass of concrete is exposed for hours to a high 
heat, the temperature of the concrete one inch or less beneath the surface 
wiirbe several hundred degrees below the outside. 

A point 2 inches beneath the surface would stand an outside temperature 
of 1500° Fahrenheit for two hours, with a rise of only 500® to 700°, and 
points with three or more inches of protection would scarcely be heated 
above the boiling point of water. 

* Proceedings of American Society for Testing Materials, Vol. V, 1905, p. 335; VI, 1906, p. 433; 

vn, 1907, p. 404. . 

t Proceedings American Society for Testing Materials, V9I. yil| 1907. p. 408. 
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The fact that cinder concrete showed a higher, thermal conductivity' 
than the stone concrete would indicate that its well-known fire-resistive 
qualities are due, in part at least, to the incombustible quality of the cinder 
itseU. 

The thermal conductivity of the gravel concrete* was fully as low ‘ as 
that of the trap, but the specimens of gravel concrete cracked and crumbled 
in many cases when the trap and cinder specimens under similar treatment 
remained firm and compact. 

In the tests on the conductivity of imbedded steel with the end project- 
ing from concrete, Prof. Woolson found practically the same results with 
concrete from all three aggregates. With the temperature of the end sur- 
face of the concrete and the projecting end of the bar 1700° Fahrenheit, 
a point in the bar only 2 inches from the heated face of the concrete developed 
a temperature of only 1000° Fahrenheit, while at a ])()int 5 inches in the 
concrete the temperature was only 400® to 500°, and at 8 inches the tem- 
perature reached only the heat of boiling water. 

From these results Prof. Woolson concludes that where reinforcing 
metal is exposed in the progress of a fire, only so much of the metal as is 
actually bare to the fire is seriously affected by it. 

Tests by the National Fire Protection Associationf in 1905 uj)on beams 
8 inches by 1 1 J inches by 6 feet long, of different kinds of concrete, showed 
that the strength of rods imbedded 1 inch from the lower surface was 
reduced about 25 per cent after heating to a temperature of 2000® Fahren- 
heit for one hour. \ With rods imbedded 2 inches a similar reduction in 
strength occurred after 2 hours and 20 minutes heating, and the strength 
of the concrete was appreciably reduced to a depth of 4 inches from the 
sides and bottom. 

I'he hardest and densest mixtures were usually the poorest conductors 
of heat; the cinder concrete gave, however, a slower rise of temperature 
than the others. 

INFLUENCE OF CRACKS IN REINFORCED CONCRETE UPON THE 
CORROSION OF STEEL 

It has been seriously questioned whether the minute cracks which open 
in a concrete beam and slab even under loads which are absolutely safe do 
not permit corrosion of the steel reinforcement. Tests by E. Probstjin 


Ms stated in connection with the tests on preceding page, this gravel was nearly pure^ quarts. 
In other tests, concrete with gravel containing a larger percent of slate or other similar mater al 
ven much better results. 
menty January, i<)o6, p. 273. 

port of the Royal Department of Testing Materials in Gross Lichtenfelde, West Prussia. . 
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Germany, in i907,indicate very conclusively that steel in reinforced beams, 
laid in ordinary wet concrete used in practical construction, is in no danger 
of rusting through the cracks formed in the concrete under tension, until 
nearly the breaking point of the steel. The specimens, 34 beams, which 
contained both plain and deformed bars and rusted and unrusted steel, 
were subjected in loading to the action of a mixture of oxygen, carbon dioxide 
and steam, for a period of from 3 to 12 days. Unprotected steel subjected 
to this mixture was badly rusted in two hours. After breaking up the 
specimens of concrete no rust was found even on steel stressed to its elastic 
limit, although some was discovered on steel stressed nearly to its breaking 
point, which could be attributed to large cracks extending to the metal and 
uncovering it. 


PROTECTING STRUCTURAL STEEL 

In San Francisco at the time of the earthquake and fire, April, 1906, there 
were few concrete structures, but these stood the test of fire and shock on 
the whole better than any other material.* 

Observations after the fire indicate that concrete is also an effective pro- 
tection for steel frame construction, but that it preferably should be enclosed 
in a metal basket. 

Captain John S. Sewell, Engineer Corps, U. S. A., in his report to the 
U. S. Governraentf suggests tliat when such a basket is used the total 
thickness of concrete upon the exposed flanges of girders and floor beams 
should be 2 to 3 inches according to circumstances. For columns incased 
in a metal basket or cage, a thickness of 3 to 4 inches was recommended, 

• The structural steel in the Boston subway, J imbedded for twelve years 
in concrete or protected by the cement mortar joints of brick arches, was 
found upon examination during changes in the structure to be free from 
rust. The only exception to this was under the rather large base plates 
(21 by 24 inches) of columns, where a thin layer of rust frequently was 
found, having tubercles sometimes ^ inch thick. This was evidently due 
to the settling of the finer parts of the concrete under the plates. The 
small base-plates were practically free from rust. 


* Transactions American Society Civil Engineers, V0I. LIX, 1907, p. 208. 
fU. S. Geological Survey, Bulletin 324, 1907. 

XPeraonal correspondence with Mr. Howard A. Carson, Chief Engineer. 
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CHAPl'ER XIX 

WATER-TIGHTNES^ 

A wall of concrete may be rendered water-tight in several ways: 

(1) By accurately grading and proportioning the aggregates and the 
cement. (Sec p. 339.) 

(2) By si)ecial treatment of the surface of the concrete. (See p. 341.) 

(3) By the introduction of foreign ingredients into the mixture. (See 

p- 342.) 

(4) By the application of layers of waterproof material, such as asphalt 

and felt. (Sec p. 343O * 

It is often advisable to combine two or more of these methods. 

In the succeeding pages directions are given for practically applying 
these methods, and experimental investigation is cited. 

LATINO CONCRETE FOR WATER-TIGHT WORK 

The manner of laying the concrete in walls or floors which are to with- 
stand water pressure is as important as the proportioning of its ingredients. 
Approved methods of placing arc fully described in Chapter XV. 

The chief points applicable to water-tight work are briefly recapitulated 
as follows: 

(a) Mix concrete of quaking or ‘of wet consistency. (See p. 338.) 

(b) Place concrete carefully so as to leave no visible stone pockets. 

(c) Lay the entire structure, if possible, in one continuous operation, 
working night and day when necessary. 

(d) If joints are unavoidable, clean and roughen the old surfacie, then 
wet it and coat with a layer of cement or mortar. (See p. 284.) 

(e) Make suitable provision for contraction by special joints, or by steel 
reinforcement without joints. (See p. 285, also chapter xxi.) 

Effect of Consistency. A series of experiments, conducted by the 
authors, upon several blocks of mortar mixed in the same proportions of 
cement, sand, and stone, but with different proportions of water, indicates 
that the best consistency for concrete designed to withstand water pressure 
is intermediate between a quaking and a mushy mixture, as defined on 
page 28a , 

Also, the general conclusion was reached that with the same dry materials 
the consistency producing the greatest density after setting gives the most 
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impermeable mortar or concrete up to the point of a very wet consistency, 
when the excess of water affects the chemical composition of the cement, 
forming “laitance” (see p. 302), and thus reduces both the strength and 
the water-tightness of the specimen. After setting, the very wet specimens 
were found to have about the same density as the medium and mushy 
mixtures, because the cement, sand, and stone settled into place and ex- 
pelled the surplus water. 

PROPORTIONING WATER-TIGHT CONCRETE 

The proportions* cm])loyed to resist the |)erc()lati()n of water usually 
range from 1:1:2 to i: 2^: 4^, the most common mixtures being t: 2: 4 
or i: 2^: 4J. However, with accurate grading ])y scientific methods, such 
as are described in Chapter XI, water-\ight work may be obtained with 
proportions as lean as 1:3:7. (See p. 183.) J^ermeabilily, the (piality of 
allowing water to pass through, and porosity, the jiropcrty of containing 
pores or voids, are not synonymous terms, and the most porous material is 
not necessarily the most j)erniea])le, because the dimensions of the voids as 
well as their volume affect by cajiillarity the passage of water. 

For maximum water-tightness a mortar or concrete may reejuire a 
slightly larger ])roj)ortion of fine grains in the sand than for maximum 
density or strength, but otherwise the general priiu iples discussed on jiagn 
172 are apjfficablc. A mixed aggregate (such as is shown in Fig. 6f, 
p. 173) evidently has fewer channels through whicli the water van jiass 
than an aggregate consisting of coarse stone and sand (sucli as is sliown 
in Fig. 59, ]). 172), ])rovided the character and relative jmiportioning of 
the finest particles are the same in both cases. Recent tests indicate 
that gravel produces more water-tight concrete than broken stone under 
similar conditions. 

Porosity of Concrete. The total voids, air plus water, in first-class 
concrete and mortar of various proportions arc shown in column (20) of 
the table of Mr. William Tl. FulleFs exjieriments on pages 376 and 377. 
The percentage of total voids in the mortars averages about 26%, while in 
the concretes, of proportions commonly employed in practice, the voids 
range from 13% to 17%. 

In neither the concrete nor the mortar do these percentages ever represent 
air alone. A portion of the water, an amount estimated at 8% of the 
weight of the cement,t corresponding to about 2^% of the volume of 

’(‘Proportions are based on an assumed unit of loo lb. cement per cu. ft. or the equivalent of 
3.8 cu. ft, to the barrel. (See p. 217.) 

fAUen Hazen in Transactions American Society of Civil Engineers, Vol. XLIl, p. 128. 
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ordinary concrete, combines with the cement, and a still larger portion of 
the water remains in the pores unless dried by artificial heat. 

The porosity of mortars is discussed on page 127. * 

Size of Stone. Authorities disagree as to the relative advantages of 
small stone ranging between ^ and one inch, and coarse stone, ranging 
from J inch up to, say, 2J inches. The latter is theoretically the better, 
but it is sometimes claimed that the fine material can be placed 
more satisfactorily. 'Fhis depends upon the workmanship. With 
proper selection of materials and care in laying, the concrete con- 
taining the coarse stone produces excellent work, as is illustrated 
by the constructions at Little Falls, N. J. (sec Chaj)ter XXVIII), ^nd 
Boontoii, N. J. (see diapter XXVI), where carefully graded stone up to 
2J or 3-inch diameter was used. 

If very fine stone, under J-inch, and containing dust, is used for the 
coarser aggregate, the addition of sand may increase the porosity and the 
permeability, because concrete with such small stone is practically a mortar, 
and the finer particles of stone are really sand. A concrete in proportions 
I part cement : 2 parts sand : 4 parts unscreened stone less than J-inch 
diameter, inakes a |X)rous concrete, while a mixture i part cement : 2 parts 
sand : 4 parts stone J-inch to i J-inch diameter, makes a dense one. With 
the small stone, proportions 1:1:2 would be the leanest advisable 
mixture. 

The method of pro|K)rtioning by mechanical analysis, as described by 
Mr. Fuller in Chapter XI, has been found in practice to produce imper- 
meable concrete. 

THICKNESS OF CONCRETE FOR WATER-TIGHT WORK 

It is impossible to specify definite thicknesses of concrete to prevei# per- 
colation under different heads of water, because of variations in proportions 
and methods of laying. We have known rain water under a head of 2 or 
3 inches to percolate through a 4-foot wall of excellent concrete of dry 
consistency. On the other hand, had the same materials been mixed to a 
wetter consistency and placed with no joints between successive layers, 
concrete but a few inches thick would have withstood a high head. 

The best criterions for thicknesses of walls of first-class concrete are 
obtained from actual examples. Instances are cited in Chapters XXVI 
and XXXVIII of water-tight concrete 4 inches thick’ sustaining a head 
of 4 feet, concrete 15 inches thick sustaining a head of 40 feet, and con- 
crete 5.5 feet thick sustaining a head of 100 feet. 
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SPlEfOlAL TREATMENT OF SURFACE 

Various methods of treating the surface of concrete have been employed 
to increase the water-tightness. 

Plastering. Plastering the surface of concrete with rich Portland cement 
mortar in proportions i: i or i: is the method which first occurs to one, 
but in temperate or cold climates it is only useful for walls below the surface 
of the ground and therefore not subject to atmospheric changes. In such 
cases it can sometimes be used as a substitute for, or in connection with, 
paper and asphalt. 

In certain sections of the Boston Sul>way*, a 6 inch wall of concrete was 
laid up next to the bank of earth and plastered with a layer of i : i mortar 
about J inch thick. After spreading the mortar with a plasterer’s ordi- 
nary metal float (sec Chai)lcr XXIII.) the surface was run over with a 
toothed roller al)out 12 inches long by 4 inches in diameter, which pressed 
the plaster into any crevices, and left a rough surface. The main wall of 
concrete forming the lining of the Subway was then laid up against this 
plastered surface. 

On the arch of the approaches to the East Boston tunnel, a layer of 
piaster, like that on the walls, was spread before laying the final 6-inch 
thickness of concrete, thus forming a water-tight joint in the interior* of 
the arch ring. 

Granolithic Finish. On horizontal or inclined surfaces, a granolithic 
surface of rich mortar of Portland cement and sand, or Portland cement 
and screenings in pro[)ortions about i : i may be laid and troweled, as in 
sidewalk construction. (Sec Chapter XXI 11.) The surface finish must be 
placed at the same time as the base, and with the same, that is, Portland 
cement. 

Troweling Surface. The water-tightness of horizontal or inclined layers 
of cdftcrcte can be greatly increased by troweling the concrete in the same 
manner that granolithic work is troweled. (Sec Chapter XXIII.) This 
brings the cement to the surface, and prcKluces a dense, hard surface 
which is nearly. equal to a surfacing of rich mortar. This is very elTect- 
ive for surfacing a structure like the inclined face of the dam shown in 
Chapter XXVI. 

In experimenting upon the permeability of different concretes, the authors^ 
have noticed that even the very light joggling which is necessary to compact 
a wet concrete, and also the ramming of a stiffer mixture, increases the 
impermeability of the concrete. Even after chipping off the top of the 
specimen for a depth of i or J of an inch, the flow will be several times less 
than when the pressure is directed upon its under surface. 

♦ Ih Subway construction since 190a and in the tunnel built in 1 907-9, the trench frequently was 
shored with a 4 -inch reinforced concrete sheeting (•SreChap. XXV), the surface evened with plaster, 
if necessary, and water-proofing applied. 
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Grout. Portland cement grout is preferable to plaster for coating the 
soffits of arches or for wall surfaces. It is also valuable for coating the in- 
terior of cisterns or tanks.* The grout should of course be applied against 
the surface , which is to come in contact wth the water, and if the wall is to 
be made impervious in both directions, both sides should be washed. 

A specially prepared cement wash has been found effective in preventing 
dampness in masonry 

Alum and Lye Waterproof Wash. United States Army Engineers! 
have satisfactorily employed a wash of alum and concentrated lye mixed 
in proportions one j)ound lye, 2 to 5 pounds alum, and 2 gallons of water, 
which has been used with good success in several instances. 

Special Coatings. A few patented comj)ounds which have proved suc- 
cessful are on the market. These arc generally used with neat cement or 
mortar. In many cases it has been found possible to waterproof the face 
of the wall instead of the back u])on which the water presses. 

INTRODUCTION OF FOREIGN INGREDIENTS 

The principal advantage of intnxlucing foreign ingredients into a mortar 
or concrete is to permit the use of a lean mixture, the fine particles of 
hydrated lime, or whatever may be used, tending to reduce the volume and 
the dimensions of the voids. Every case must be studied by itself, since 
it is frequently cheaper to obtain the recpiired water- tightness by adding 
cement than by admixtures,. 

Lime and Puzzolan Cement. The effect of the addition of lime in 
small quantities is chiefly mechanical, and the quantity which should be 
employed depends, therefore, upon the fineness of the sand and the pro- 
portions of the mixture. 

Although it is impossible to replace the water which separates the ^ains 
in neat cement paste or rich mortar with a material like lime, a series of 
tests§ made by one of the authors in 1908 indicates that the introduction of 
a small percentage of hydrated lime into the concrete for small structures 
like tanks will render them more watertight, especially at early pericxis, 
and also that for large masses of concrete the addition of hydrated lime may 
permit the use of leaner proportions. The percentage of hydrated lime to 
ase varies with the proi)ortions of ct)ncrete and the character of the materials, 

♦ J. W. Schaub, Transactions American Society of Civil Engineers, Vol. LI, p. 123. 

f Oscar. Lowinson, Transactions American Society of Civil Engineers, Vol. LI, p. 125. 

4 C. B. Hegardt in Report Chief of Engineers, U. S. A., 1902, p. 2482. 

ft “Permeability Tests of Concrete with Addition of Hydrated Lime,*' by Sanford E. Thompson, 
^Anerican Society for Testing Materials, Vol. VIII, p. 500. 
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permissible quantities in practice ranging from 5 to 15 per cent of the 
weight of the cement. Results of tests with different proportions are given 
in the paper mentioned.* 

Lime paste. made from a given weight of hydrated lime occupies about 
2J times the bulk of paste made from the same weight of Portfand cement 
and is therefore very efficient in void filling. 

The strength of concrete has been found in some cases to be slightly 
reduced by the addition of hydrated lime, but not in a sufficient degree to 
intluence its use in a water-tight wall, where the strength is seldom a deter- 
mining quality. 

The effect of the addition of lime upon the strength and density of mortar 
is discussed on page i54d. 

Unslaked lime must not be used under any circumstances. (See p. 156.) 

Puzzolan cement, unlike lime, tends to increase the strength even of neat 
cement and rich mortars,t in many cases 20% by weight of total dry ma- 
terials being beneficial if the Puzzolan cement is ground with the Portland. 
Undoubtedly the impermeability is similarly increased, since mixtures of 
Portland and Puzzolan cements have been found to well resist the action 
of sea- water. J 

In Japan in the Nagasaki l)(X'k,§ concrete blocks were made in pro- 
portions 0.25 lime; r Puzzolana; 1 Portland cement; 4 sand; 8 gravel: 

Olay. Pure ( lay, finely powdered and free from any trace of vegetable 
matter, has been found to ajipreciably increase the water-tightness of con- 
crete, 11 especially of lean mixtures. In certain cases 5 per cent of clay 
to the weight of the sand has been found effective. The proportions should 
vary with the character of the aggregates. 

Clay acting as a colloid in combination with an electrolyte such as alum 
sulphate has been suggested by Mr. Richard Ii Gaines^ for increasing 
wirtfer-tightness. Tests by him show a marked decrease in the flow of. water 
due to these materials either added alone or in combination. 

Pulverized Rock. Mortars i : 3 and leaner, and concrete made with 
these proportions (3f cement and sand to the stone, are increased in strength, f 
and probably in impermeability, by the addition of rock pulverized as finely 
as the cement and equal to it in weight, although if the natural sand is very 


♦ “Permeability Tests of Concrete with Addition of Hydrated Lime,” by Sanford £. Thompson, 
American Society for Testing Materials, Vol. VIII, 1908, p. 500. 
j-Fcret's Chimie Appliqeucy 1897, pp. 477 and 493. 

JSee R. Ferct, Chapter XVI. 

S N. Shirrishi, Transactions American Society of Civil £ng'*aeers, Vol. LVT, 1906, p. 76. 
ii See paper on ^^Waterproofing Cement Structures,” by James L. Davis, Proceedings National 
Association of Cement Users, Vol. IV, 1908, p. 328. 

^ Transactions American ^ciety Civil £agineers, Vol. LIX, 1907, p. 159. 
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fine or contains dust, the addition of ijnc material is not beneficial, . 

Alum and Soap. A soap and alum mixture in various proportions 
^metimes is used to make what is called “waterproof mortar.” The 
Sylvester Process mixture employed in New York Harbor by Major W. L. 
Marshall} was made by “ taking one part cement and 2J parts sand and 
adding thereto J of a pound of pulverized alum (dry) to each cubic foot 
of sand, all of which was first mixed dry, then the proper amount of 
water — in which had been dissolved about -J of a i3ound of soft soap to the 
gallon of water — was added, and the mixing thoroughly completed'. The 
mixture is little inferior in strength to ordinary mortar of the same pro- 
portions and is impervious to water, and is also useful in preventing 
efflorescence.” 

The effect of alum and soap in diminishing the permeability has been 
experimented upon by Mr. Edward Cunningham§ and Prof. W. IC. Hatt,§ 

and found useful for small structures. 

! 

LAYERS OF WATERPROOF MATERIAL 

The use of cement plaster has already been described on page 419. 

Layers of waterjiroof paper or felt cemented together with asphalt or 
bitumen or tar are extensively used, — and sometimes asphalt alone, — to 
form an impervious layer. A mixture of alum and lye has also been tried. 

Paper or Felt Waterproofing. Layers of paper or felt with tar or asphalt 
between them are employed for a waterproof course in concrete floors, 
roofs, and walls of underground structures of large or long area, like tun- 
nels and subways, which require special protection from infiltration of 
water. The materials range from ordinary tarred paper, laid with coal 
tar pitch, to asbestos or asphalted felt, laid in asphalt. Coal tar products 
appear to be satisfactory when made to contain a large percentage of car- 
bon, and are being used by manv in f)refercnce to asphalt. 

In the New York Subway, portions of which are built below tide- water, 
much of the waterproofing consi.sts of layers of felt laid in asphalt. The 
specifications,** a j)proved by Mr. William Barclay Parsons, Chief Engineer, 
contain the following requirements for the materials: 

The asphalt used shall be the best grade of Bermudez, Alcatraz, or lake 
asphalt, of ecpial quality, and shall comply with the following requirements: 
The asphalt shall be a natural asphalt or a mixture of natural asphalts, con- 

{Repo^'Chief of Engineers, U. S. A., 190^, p. 918. 

{ T 4 r^ 8 iictions American SocieU'' of Civil Engineers, Vol. LI, pp. izy and IiS. 

Contract No. 2, June, 1902, p. 107. 
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tainingm its refined state not less than ninety-five (95) per cent of natural bitu- 
men soluble in rectified carbon bisulphide or in chloroform. The remaining 
ingredients shall be such as not to exert an injurious effect on the work. Not 
less than two-thirds (§) of the total bitumen shall be solulde in petroleum 
naphtha of seventy (70) degrees Baumd or in Acetone. The asphalt shall 
not lose more than four (4) per cent of its weight w'hen maintained for ^cn 
(10) hours at a temperature of three hundred (300) degrees Fahrenheit. 

The use of coal tar, so-called artificial asphalts, or other products sus- 
ceptible to injury from the action of water, will not be permitted on any 
portion of the work, or in any mixtures to be used. 

The felt used for waterproofing shall be dipped in asphalt and weigh 
not less than fifteen (15) pounds to the square of one hundred (100) feet. 
All felt shall be subject to the insj^ection and approval of the engineer. 

With reference to the laying of the water-proofing the contract required:* 

Each layer of asphalt fluxed as directed by the engineer must comiiletely 
and entirely cover the surface on which it is spread without cracks or 
blowholes. . 

The felt must be rolled out into the asphalt while the latter is still hot, 
and pressed against it so as to insure its being completely stuck to the 
asphalt over its entire surface, great care being taken that all joints in the 
felt are well broken, and that the ends of the rolls of the bottom layer are 
carried up on the inside of the layers on the sides, and those of the roof 
down on the outside of the layers on the sides so as to secure a full lap of 
at least one (i) foot. Especial care must be taken with this detail. 

None but comjictent men, especially skilled in work of this kind, shall 
be employed to lay asphalt and felt. 

When the finishing layer of concrete is laid over or next to the Water- 
proofing material, care must be taken not to break, tear, or injure in any 
way the outer surface of the asphalt. 

Any masonry that is found to leak at any time j)rior to the completion of 
this work shall be cut out and the leak stop|)ed. 

IVIethod of Laying Paper or Felt. I'he waterproof layer of a floor may 
be laid directly upon the ground if the soil is fairly dry and firm, but is 
usually spread upon a layer of concrete from 4 to 8 inches thick. In the 
former\caset the first layer consists of strips with a 2 to 6-inch laj) cemented 
with asphalt, and the remaining layers are mopped on. Upon a concrete 
base it is customary to first s])read a layer of asphalt upon the concrete, 
although, if the concrete is damp, the bottom layer of paper or felt may be 
placed dry, as described above. 

The *‘ply’’ in waterf^roofing, — that is, the number of layers which cover 
all parts of the surface, — varies from 2-ply to lo-ply. It is considered better 
practice to shingle*' the strips than to place each ply or layer indei^endently. 

♦ Contract No. 2, June, 1902, p. 107. . 

f This method was followed in portions of the floor in the approaches to the East BoKtoA Tunnel. 
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If the surface to lie waterproofed is rough it may be leveled with cement 
mortar; It must be dry before applying the tar or asphalt. The asphalt 
is heated and brought, generally in buckets, to the work. Several rolls of 
paper are started consecutively. Ahead of each roll, as it is unrolled, the 
liquid asphalt is swabbed uj)on the concrete with a mop, so that the paper 
or felt is spread directly upon the fresh hot stuff. As soon as the first roll 
is started the second is jjlaced to overlap the first, a width depending upon 
the number of ply to be laid. For example, if the felt is 32 inches wide and 
is laid 3 ply, llic .ser'ond roll is Iaj)])ed upon the first about 22 inches. As 
this is unrolled (in the same general direction as the first roll) the surface 
ahead of it is mopped with asphalt, as described above. A third roll is 
immediately started, lapping both of the two others, and so on for the entire 
width of tlie surface to be covered. 

A water[)roof course of tills character always forms a distinct joint in the 
mass, thus destroying its cohesion uj)on that plane, and the strength of 
the concrete in bending on the two .sides of the layer must be considered 
independently. 

Asphalt Waterproofing. Asjihalt is .sometimes laid as a waterproof 
course In one or more continuous sheets, and is also lused for filling con- 
traction joints in concrete. 

In the .sedimentation basin for the Albany (N". Y.) Filtration Plant* 
16 inches of clay and gravel j)uddle were covered with 6 inches of concrete 
laid in blocks 7 feet S(|uare, with J-inch as]>halt joints 3 inches deej), that 
is, extending halfway through the concrete. This ])rovcd to be a succe.ssful 
treatment. 

In tlie Astoria (Ore.) Water Worksf the bottom of the reservoir consisted 
of 6 indies of concrete in a})proximate proportions, one [lacked cement : 
0.7 sand : 3.5 fine gravel : 6.5 broken stone, covered with a jj-inch finishing 
coat of i : I mortar, and upon this two layers of Alcatraz brand as}>halt. 
The first layer was of natural licjuid asphalt, and the second was the prod- 
uct of refining natural rock asphalt with about 20% of the liquid as a flux. 
Mr. Adams made the rule that no a.sphalt slniuld be placed until after 
the concrete had set at least two weeks, and was well dried out. All 
dust was carefully removed from the concrete, and the asjihalt was applied 
with twine mops. The slopes of the re.servoir were lined with brick laid in 
asphalt upon 6 inches of concrete. Under ordinary conditions such com- 
plete measures are unnecessary. 

In the con.struction of government fortifications by the United States 

* Allen Hazen in Transactions American Society of Civil Engineers, Vol. XLIJT, p. 158. 

^ .v^-Arthifr L. Adams in Transactions American Society of Civil Engineers, Vol. XXXVI, p. 29. 
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Army Engineers, numerous methods of waterproofing have been used,* * * § in 
some cases an asphalt course being placed between two layers of concrete. 
Asphalt paint has been used for a protective coating where earth is to be 
deposited above or against it.f 

A i'inch coating of asphalt applied hot with a mop upon a surface already 
covered with grout (see p. 339) has been satisfactorily used by Mr. J. W. 
Schaubt for coating the interior of tanks where the head is greater than 
10 feet. He considers this sufficient to withstand a water pressure of 60 
feet. 

Mr. SchaubJ also suggests the meth(Kl of building the wall in two parts 
and filling the core or hollow space between with asphalt. 

CONSTRUCTION WITHOUT WATERPROOFING 

New York Subway Practice. Formerly asphalt waterproofing was 
reciuircd on the floors, walls and roof of the New York Subway, varying in 
thickness from 3 to 6-ply or else using two layers of waterproofing with 
one or more layers of brick dipjied in asphalt. It was found, however, 
that the sections of subv/ay waterproofed in this way were not so cool as 
other sections because the waterjiroofing prevented radiation of heat. Con- 
sequently, it was j^roposed to use the waterproofing below high water level 
but extending only 2 feet above it, except in special localities. The con- 
crete was to be reinforced longitudinally, as well as laterally, using a rich 
mixture, well spaded. This was further protected by a blind drain com- 
posed of broken stone 6 inches thick on the top of the subway and hollow 
die built against the walls. § 

Philadelphia Subway Practice In all of the subway work it is the prac- 
tice to rely on the proper placing of the concrete for waterproofing except 
that on the roof a layer of asphalt i-inch thick is used. Longitudinal rein- 
forcement, generally to the amount of 0.3 per cent., is introduced to 
prevent cracking of the walls. || 

METHODS OF TESTING PERMEABILITY 

Permeability tests are somewhat difficult to make because of the many 
variables which must be provided for. In all cases it is advisable to meas- 
ure the water which has passed through the specimen and not the water 


* Report Chief of Engineers, U. S. A.^ 1901, pp. 91 1 to 925, and 1902, pp. 2451 to 2484. 

f Report Chief of Engineers, U. S. A., 1902, p. 2473. 

i Transactions American Society of Civil Engineers, Vol. LI, p. 123. 

§ Personal correspondence with Heniy B. Seaman, Chief Engineer, 1909. 

II Personal correspondence with Charles M. Mills, Principal Assistant Engineer, 1909. 
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flowing into it. Results of j)ermeal)ility tests are comparable only among 
the specimens of each individual series. The methods which have Icen 
successfully employed may be outlined as follows: 

Cementing a pipe upon the top of a block of concrete similar to the plan 
employed by the French C'ommission for mortar.* 

Incasing a block on all sides except the top and bottom and forcing the 
water through. 

Making thin discs and ( onfining the water pressure to the center by 
means of gaskets. 

These three methods as they have been developed are illustrated in Figs. 
113, 1 14 and 1 15. 

In Fig. T13, an apparatus designed by one of the authors, f the pipe is 
enlarged to 4 inches dianiolcr to give a good surface of concrete and permit 
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Fig. 1 1 3. Detail of Specimen for Testing Permeability.* (Sec p. 348.) 


thoroughly chipping it, while at the .same time the external pipe connections 
arc small, so that tight joints can be made readily. The walls of the mold 
may be coated with neat cement as well as the bottom, if desired, the con- 
crete being placed in any case before the neat cement has begun to stiffen. { 

The apparatus used at Jerome Park§ is a still better although some- 
what more expensive design which is cayjable of modification to suit the size 
of the specimen. The concrete specimens, which are described at length in 
the paper referred to, were made first and afterward coated with neat 

♦ See p. 128. 

•j* “Permeability Tests of Concrete with Addition of Hydrated Lime,'* by Sanford E. Thompson, 
American Society for Testing Materials, Vol. VIII, p. 506. 

X For example of the method adopted in earlier experiments, see “Consistency of Concrete,'* 
by Sanford E. Thompson, Proceedings American Society for Testing Materials, Vol. VI, 1907, 
P- r4 

S S(^;^^‘Laws of Proportioning Concrete,'* by William B. Fuller and Sanford £. Thompson, 
TiraasaoSoas American Society Civil Engineers. Vol. LIX, iqo7> P* 67. ^ 
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cement by placing in a mold after thoroughly roughening and wetting the 
surfaces, (See Fig. T14,) 

Molding concrete in iron* pipe is not satisfactory because the concrete 
shrinks in setting and there is consequently danger of leakage. 

The method used in the St. Louis Structural Materials Laboratory* 
is illustrated in Fig. 115. This plan requires expensive castings and great 
care to make a water-tight joint at the rubber washers. 

> In tests of permeability the apparatus must be designed so as to make 
all the water pass through the concrete; the surface of the specimen must 
be cut down to the pure interior 
concrete to prevent surface 
effects; the mix must be veiy 
unifomi, the size of the specimen 
being proportioned to the maxi- 
mum size of the aggregate; suffi- 
cient water must be used to 
produce uniformity, the consist- 
ency depending upon the purjjose 
of the tests; a slight excess of 
sand rather than a deficiency 
must be used to prevent large 
voids; if neat cement is used as a 
coating, it must be molded with 
the concrete or else the surface of 
the concrete must be chipped 
rough and soaked with water 
before applying the cement ])astc, 
and it must be kept wet for some 
time; the sj3ecimen should be 
soaked for 24 hours before testing. 

LAWS OF PERMEABILITY 

The ‘following conclusions have been reached with reference to the per- 
meability of concrete and mortar: 

(1) The permeability or flow of water through concrete is less as the 
percentage of cement is increased, and in very much larger inverse ratio. f 

(2) The permeability is less as the maximum size of the stone is greater. 
Concrete with maximum size stone of 2j-inch diameter is, in general, less 

* Bulletin No. 329, U. S. Geological Survey, 1908, by Richard L. Humphrey, 
j* Sec foot-note p. 350. 
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permeable than that with i-inch maximum diameter stone, and this is 
less permeable than that with J-inch stone.* 

(3) Concrete of cement, sand and gravel, is less permeable than concrete 
of cement, screenings and broken stone; that is, for equal j)ermeability, a 
slightly smaller quantity of cement is required with rounded aggregates 
like gravel than with sharp aggregates like broken stone.* 

(4) ('oncrete of mixed broken stone, sand and cement, is more per- 
meable than concrete of gravel, sand and cement, and less permeable than 



FiCr. 1 15. Permeability S])ei-imen used at bt. Louis. {See p. 349.) 

similar concrete of broken stone, screenings and ( ement; that is, for water- 
tightness, less cement is required with rounded sand and gravel than with 
broken stone and screenings.* 

(5) Permeability decreases materially with age.* 

(6) Permealnlity increases nearly uniformly with the increase in pressure.* 

(7) Permeability increases as the thickness of the concrete decreases, but 
in a much larger inverse ratio.* 

(8) Of mortars containing the same percentage of cement but of variable 
grahulometric composition, the most impermeable are those containing 

* ^‘Laws of Proportioning Concretf.’^ by Fuller and Thompson, Transactions American Society 
Civil Engineers, Vol. LIX, 1907, p. 72. , 
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equal parts of coarse grains, C 7 , and fine grains, F (see p. 142), the latter 
including the cement. * 

(9) Decomposition by the passage of sea- water through mortars mixed 
in equal proportions by weight increases as the sand contains more fine 
grains.* 

(10) Medium and fairly wet consistencies ])roduce concrete much more 
water-tight than dry consistencies, and slightly more water-tight than very 
wet consistencies.f 

(11) The surface of concrete as molded is much more water-tight than 
the bottom of a specimen, because of the fine material which rises to the 

top.t 


RESULTS OF TESTS OF PERMEABILITY 

The table which follows gives the comparative permeability of concrete 
speciijiens 18 inches in length and 6 inches s(juare, made uj) as shown in 
Fig. 1 14. The various qualities are referred to in ])aragraphs which 
follow: 

Effect of Shape of Stone Upon Permeability. In the tiililc it is notice- 
able that the most f)ermcable concrete is that comj)()se(l of broken stone and 
screenings; the next, that containing broken stone and natural sand; and 
the most water-tight of all (comj)aring similar percentages of cement), the 
concrete of gravel and sand, 'f he rounded gravel stone and sand evidently 
flow better and make a more homogeneous mix. It is noticeable also in 
the Jerome Park permeability tests that the results from the sand and gravel 
specimens were the most uniform. 

Effect of Percentage of Cement Upon Permeability. l"hc table on 
the following page illustrates the very great increase in water- tightness with 
the richness of the mixture. I'he most extreme dilTerences are noticed in 
the specimens with broken stone and screenings. 

Increase of Permeability With Pressure. A comjjarison of the columns 
in the table shows that the rate of flow increases nearly uniformly with the 
increase of pressure. 

Effect of Thickness of Concrete Upon Permeability. Other experi- 
ments, not here recorded, indicate that the rale of flow increases as the thick- 
ness of the concrete decreases, but in a much larger inverse ratio. Speci- 


* R. Feret in Annales de Ponte et Chauss^es, 1892. II, p. 109. 

j*‘.^The Consistency of Concrete,’' by Sanford E. Thompson, Proceedings American Society 
for Testing Materials, Vol. VI, 1906, p. 358. 
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mens 17 inches in length in pro[K)rtions i : 6.5 by weight were practically 
water-tight, whereas specimens of half that length passed considerable 
water. 

Effect on Pvnncahility of Percentage of Cement, Character of Aggregate and 

Pressure, 

By Fuller and Thomp.son* (See p. 351 ) 

Thicktu'ss of Specimens t8 inches. Area of contract 36 square inches\ 
Maximum diameter of stone 2 f inches. 


pnopoK- ' 
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s. 
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37 
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12 

1 
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1 

I 

' 1 

i : 

4 

1 L 

n 

22 

1 

: 6.9 

12.7 

j stone 

1 H 

! 10 * 

2 

2 

3 

3 

I 

: 5*5 

15.0 

' 

1 

1 

1 

0 i 

0 

0.7 

1-4 

1 

: 10.8 

«.5 

i 

! Gravel 

Sand 

i 3 i 

15 ’ 

25 

3 *;; 

43 

I 

: 8.4 

10.6 

1 

« 

1 17 

1 

3 

3 

6 

r 

: 6.5 

13.0 


** 

1 100 

0 , 

0 

0 

0-5 

r 

: 5-3 

15-'; 



i q8 

0 

0 

0 

1.4 


Rate of Flow. The Jerome Park tests indicate that if the surface of 
the concrete is clean and the water pure, the flow is very nearly constant 
for a considerable period. During a four hours* test there was no appre- 
ciable differences in the rale of flow. This result is somewhat contrary 
to other tests, but it is ])robable that in many cases the apparent plugging 
up of the pores is due to impurities in the water or to the early age of the 
concrete. 

Effect of Size of Stone Upon Permeability. The following table gives 
the comparative permeability of concrete in the same proportions mixed 
with stone of different maximum size. The difference in this case is evi- 
dcO^ly due to the greater density of the concrete composed of the large stone, 

* Transactions American Society Civil Engineers, Vol. LTX, 1907, p. 132. 
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Effect of Size of Stone on Permeability 
By Fuller and Thompson* {See p. 352.) 

Thickness of Specimens ifi inches. Area of contact 36 square inches. 
Aggregates, crushed stone and natural sand. 
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min. 1 
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40 lb. ! 

i GO Ib. 
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I 
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; 1 0 . 2 

: 2] 

7 

1 


4 i 

8 

12 

I 
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1 

26 
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I 

; 2.9 

5-7 

1 ro. 2 

1 

1 

29 
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Effect of Coarseness of Sand Upon Permeability. As stated, tests by 
Mr. Feret have indicated that for maximum watertightness more fine sand 
is required than for maximum strength. I'his is borne out by tests by one 
of the authors, the results of which are given in the following table. The 
tests were made in connection with the prc})aration of sj>ecifications for 
the Waltham Rcservoir.t 


Tests to determine Relative Permeability of Concrete with Coarse and Fine 

Bank Sand 

By Sanford E. Thompson. (.SVc />. 353.) 

Proportions 1 : 3 : 0 by Volunu' or i .*2.8 . 5.7 by Weight. 32 days 


(‘ilAUAC 'IKK <IK h \M> 


I >K SHI TV 
<• f A +• 7 


WATRH IN 

(iltAMS Pkit .MINTTB 


(1) All coarse. . . . 
{2) f{ coarse, ^ fine. 

(3) ii coarse, i tine. 

(4) All fine 


o. 8 |f) 
o 8.13 
0.813 


> 45-1 

ro.4 

4 .?.o 

30.2 


Analyse.^ of \atnrqL Hank Sand and Screened C ravel used in 'Tests 

i 

TOTAI. I’KIt CKNT I'AMHINO HIEVBB 


8IKVK 


Coar-He Sand j Fiiip Sum! (J ravel 


% 



I inch 


1 00 

J inch , 


1 50 

Jinch 100 

i 

1 0 

No. 5 «8 


! 

No. 12 77 

100 


No. 40 32 

9O 

, 

No. 200 3 

27 



^Transactions American Society of Civil Engineers, Vol, LIX, 1907, p. 136. 
■fSee p. 901 
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CHAPTER XX 

STRENGTH OF PLAIN CONCRETE 

The strength of plain concrete, that is, of concrete without steel rein- 
forcement, is governed primarily by 

(1) The quality of the cement. 

(2) The texture of the aggregate.* 

(3) The quantity of cement in a unit volume of concrete. 

(4) The density! of the concrete. 

The percentage of cement and the density of the concrete, which are of 
special importance to the user in determining the proportions of materials, 
may be expressed more explicitly as follows: 

(1) With the same aggregate the strongest concrete is that containing 
the largest percentage of cement in a given volume of concrete, the strength 
varying nearly in proportion to this percentage. 

(2) With the same percenUige of cement but different arrangement of 
the aggregates, the strongest concrete is usually that in which the ag- 
gregate is proportioned so as to give a concrete of the greatest density, 
that is with the smallest percentage of voids, fn many cases relative 
densities nearly correspond to relative weights. 

Although these laws have been long recognized in a general way, having 
been partially proved by experiments of Mr. John Graiit as early as 1871, 
but few attempts have been made to apply them practically in the com- 
parison of strengths of different mixtures of concrete. 

The authors have evolved a formula (see p. 356) from which, knowing 
the exact quantities of the raw materials entering into a concrete of a 
certain strength, it is possible to e.stimate the approximate strength of any 
other concrete mixed in different proportions of the same materials, under 
similar conditions of manufacture, storage, age, and methotls of testing. 

The compressive fiber strength of concrete, which is an essential factor 
in the design of reinforced concrete, is proportional to the strength of 
concrete in direct compression. 

The table of tests of beams on page 376 covers so wide a range of 
proportions that it may be employed for comparing the transverse 
strength of different mixtures. 

4 The word aggregate is deiined on page i. 

fThe meaning of density is illustrated on pages 172 and 173. 
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Further information relating to the strength of concrete made from 
different materials and under various conditions is presented under sep- 
arate headings in this chapter. The methods of making concrete speci- 
mens for testing are outlined on page 395. 

OOMPRESSIVE STRENGTH OF CONCRETE 

The acttial strength of concrete in compression, because of the limited 
capacity of testing machines, can be determined only by experiments upon 
comparatively small specimens from 4 to 12 inches scjuarc. The results 
from tests of such specimens are prol>ably slightly lower than the actual 
strength of concrete in practice, carefully mixed and laid, because of the 
difficulty in obtaining homogeneous specimens. ICxperiments by the 
authors show that the strength of the same mixture tends to increase with 
the size of the specimen even if the relative dimensions remain constant. 
Of course carelessness or inexperience will produce irregular work in 
either actual or experimental construction. 

The experimental strength of concrete is not always a criterion fcjjp 
fixing the projjortions of mixture, in fact most concrete must be made 
stiv)nger than the theoretical loading would reciuire. A lean concrete, for 
example, although it may gain sufficient strength before the load is applied, 
may not be sufficiently strong at a sliort period to permit the removal of 
the molds or the ordinary wear during building, or for many purposes the 
lean concrete may be too porous. Often a lean Portland cement con- 
crete may thus prc*sent no special advantage over a richer natural 
cement concrete. (See Chapter IV.) 

Comparative Strength of Concretes of Different Proportions. The 
formula for strength of mortar derived by Mr. R. Feret and presented on 
page 141, as Mr. Feret himself state.s,* is not aiiplicablc to concrete. 
Our formula for concrete mixtures is therefore presented as a practical 
working formula of sufficient accuracy to compare the compressive strength 
of mixtures of the .same materials in dilTerent proportions. Starting with 
the principles laid down in the two fundamental laws stated at the com- 
mencement of the chapter, it is evolved by trial by the method given on 
page 357, to lit the average results of a large number of tests made in this 
country and Europe. 

Let 

P = unit compressive strength of concrete. 
c — absolute volume*!* of cement in a unit volume of concrete. 

♦Chimie AppHqude, p. 522. 

f Method of determining densities and absolute volumes are described on page 135. 
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s =» absolute volume of sand in a unit volume of concrete. 
g =» absolute vohimc of stone in a unit volume of concrete. 

Af « a coefficient, constant for all proportions of the same material mixed 
and stored under similar conditions, but varying with the texture of 
the coarse aggregate and the age of the specimen. 

Then 



The absolute volumes, as indicated on page 138, are really ratios of the 
actual volume of the concrete, representing the actual mass or total volume 
of solid j)articles in a unit volume of concrete. Since ratios are indepen- 
dent of the unit selected, the absolute units are the same for any system of 
measurement, and by changing the value of M the formula is adapted to 
I'higlish or Metric System. For exam])le, if P ex])rcssed in terms of kilos 
grams per square centimeter requires a value of M = 880, P in pounds 
per square inch will rcciuire a value of M = 880 X 14.2* =12 500. It 
follows that knowing for a given age the value of M and the strength of a 
concrete (’ompo.sed of known percentages of materials, it is possible to 
estimate the comj)ressivc strength at the same age of any other concrete 
of exactly known compositum made under like conditions from similar 
materials, but difTercntly proportioned. 

A very slight variation in the values of the terms will so largely iutluence 
the result that the formula is only useful, on the one hand, where the 
specific gravities of the materials and the weights entering into a unit 
volume of concrete arc determined so accurately that the absolute volumes 
can be calculated, and, on the other hand, for comparison of the strength 
of ditTerent mixtures of concrete under assumed average conditions. For 
the latter pun)ose the specific gravity of cement may be taken at 3.1 and 
of sand at 2.65, the weight of a barrel of cement as 376 pounds, the weight 
of the dry sand contained in a cubic foot of moist sand as 8g jiounds and 
the jierccnlage of voids in the stone as 46^ ^. In computations, values of 
absolute volumes must be carried to three jilaces of decimals. 

Now let 

P' -== compressive strength in ])ounds per square inch. 

= barrels of cement contained in a cubic yard of the concrete. 

=- cubic yards of sand contained in a cubic yard of concrete. 

= cubic yards of stone contained in a cubic yard of concrete. 

A/' = a coefficient adapted to pounds per square inch. 
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Then assuming solid cement with no voids to weigh 193 lb. ])ercu. ft. 
and the solid particles of sand 165 lb. per cu. ft. formula (1) becomes, 

^ 37 ^ 



27+ 

193 \'65 / 

= 'I — . _o.ij (a) 

13-85 + — 7-48 (s^ + g^) ) 

This formula, as staled above, is only adapted for average comparative 
determinations, or where the conditions exactly correspond to tho.se as- 
sumed. It may be adapted to other sand and stone by altering the co- 
ellicients of and g^. The table on page 360 is based iiptm these 
formulas (i) and (2). 

Formula (i) on page 356 is based upon the actual strength of concrete, 
as determined by tests of Mr. I^. Oandloi in I^'rance and those of .several 
other authorities at the Watertown Arsenal, U. S. A. To illustrate its 
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agreement with actual experiments, tests of Mr. Candlot upon broken 
stone and gravel concrete 28 days old, quoted in full on page 367, are 
plotted on the diagram, Fig.ii6, page 357, and Mr. George A. Kimball’s 
tests made at the Watertown Arsenal on specimens 6 months old in 
Fig.117. 

The accuracy of the formula is shown by the nearness of the points on 


mi 


■■■■■■■■■■■■I 
■■■■■■ — — 


iHli 


Fig. 1 1 7.— Comparison of Authors’ Formula with Tests of George A. Kimball. 

(See p, 358.) 


each diagram to straight lines starting from the origin. The abscissa of 
each point is determined by calculation of the term in brackets in formula 
(i), and the ordinate is the actual breaking strength of the specimen at the 
given period. The value of M in each case is the tangent of the straight 
liiuj drawn through the* points. If Mr. Candlot’s tests are plotted on 
cross-section paper and smooth curves of growth in strength drawn through 
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them, it will be found that the new values taken from such curves, which 
partially eliminate inequalities in the breaking, approach even more nearly 
to the straight lines. 

After a study of the strength of concrete at different periods, the authors 
suggest the following values for M at different ages. The values for 
broken stone concrete arc based upon stone ranging in size from 2 to 2J 
inch down to J to J inch. For broken stone of finer size the values will 
be slightly lower. The composition of the concrete does not affect the 
value of M, since the term of the formula in large brackets is itself 
dependent upon the proportions of the mixture and the density of the 
concrete. The values of M are directly proportional to relative strengths 
at different ages. 

Value oj Coefficient M for Compressive Strength in Pounds per Square Inch, 

Coefficient M Ratio of growth 


for broken based on age 

Age. .stone concrete at one month 

7 days () 500 0.76 

r month 12500 1.00 

months 15 600 1.25 

6 months 16 900 i .35 

1 year 18000 1.44 


The ratios, which arc taken from the curve on page 375, are based on 
the assumption that growth in strength of concrete, mixed under similar 
conditions and of similar consistency, is the same for all proportions of 
like materials. This, as stated on page 374, is not strictly true, but is 
sufficiently accurate for practical puq)oses. 

Table of Compressive Strength. I’he strength of concrete mixed in 
various proportions, given in the table on page 360, is based upon a strength . 
with proportions 1:3: 6, that is, one barrel cement to 11.4 cubic feet sand 
to 22.8 cubic feet stone, of 1950 lb. per square inch at the age of one month, 
this value being selected as the average of tests by different experimenters. 
It corresponds to a value of M of 12 500. Using 1950 lb. per square inch 
for 1:3:6 as the starting point, the strengths for other mixtures are cab 
culated from formula (i) page 356, the absolute units for the different 
proportions being deduced from the average quantities of cement, sand, 

and stone, contained in a unit volume of concrete. The values em- 
ployed are similar to those in the table on page 231, except that it was 

necessary to carry them to three places of decimals. The strength at 

die age of six months is based on the growth in strength given on the 
curve on page 375. The assumption, which corresponds to average con- 
ditions, is made that a cubic foot of moist bank sand contains 89 lb. of 
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dry grains having a specific gravity of 2.65, and that the specific gravity of 
the cement is 3.1. The stone is assumed equal in quality to sound, hard 
limestone, ranging in size from J inch to 2 inches. Stone of i inch maxi- 
mum size may give strength about 20% lower. Specimens mixed of very 
wet consistency show lower strength especially at early periods. Cold 
weather retards strength. Prisms test lower than cubes. 

The values in the table may be readily transformed to safe working 
strength In* dividing by the proper factor of safety. 

Relative ('ompressivc Strenffth of Portland Cement Concrete of Different Pro- 
portions. 

Based on Cube Specimens and Medium Consistency. 

{Sec important foot-notes, also p. 359.) 


Proportions. 
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i 3680 
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3.=;3o 

I 
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4 
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26 1 0 
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; 3520 
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I 1 

2 

3 
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3420 

1 3390 

3320 
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• 

2 

4 

2.t8o 

2440 

2410 

2350 

2290 
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3300 

■ 3250 

3'7o 

30()0 

I 1 

2 

S 

2400 

2,350 

2310 

2230 

21 70 

3230 

3180 

i 3120 

3010 

2930 

I 

2 

6 

2320 

2260 

2230 

2140 

2060 

3^30 

3060 

3010 

2890 

2780 

T 


3 

2370 

2340 

2320 

2270 

2230 

3200 

3160 

3130 

3070 

3020 

1 

24 

4 

22 i )0 

2260 

2230 

2180 

2110 

3090 

3050 

301 0 

2940 

2850 

I 

24 

.S 

2210 

2180 

2130 

2070 
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2980 

2940 

2880 

2790 

2700 

I 

24 

6 

2140 
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2060 

1 980 

1910 
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2830 

i 2780 

2670 

2570 

I 

3 
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2060 
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1970 

2860 

2830 

i 

! 2780 

2720 

2660 

1 

3 

5 

2060 

2030 

1990 

*930 

! 1870 

2780 

2740 

1 2690 

2610 

2530 

I 

3 

9 

1 ()go 

19.50 

1910 

1840 

1770 

2680 

2630 

i 2580 

2480 

2390 

I 

3 

1 « 

1 860 

1810 

1770 

1680 

1600 

2510 

2440 

i 2390 

2280 

2160 

I 

4 

6 

1710 

1680 

1650 

1590 

1530 

2310 

2270 

2220 

2140 

2070 

I 
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! 7 

T 660 

1620 

^S90 

1530 

1460 

2240 

2190 

2150 

2060 
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I 

4 

! 8 

i6jo 
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T530 
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' 2070 

1970 
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l .\20 

1340 

1260 

2040 

1980 

1 1920 
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1700 

I 
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10 
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1270 

1230 

1160 

1090 

1770 

1720 

1660 

1570 

1470 

I 

6 

12 

T060 

1020 

980 

910 

840 

1430 

1380 

1320 

1230 

1140 


Note. — Proijortions are based on a barrel of 3.8 cu. ft. Values arc for average ultimate strength, 
which must be divided by a factor of safety for working loads. Quality of materials and methods or 
mixing may affect the strength by 25% in either dirertion, while the relative values for different propor- 
tions are not materially changed. 

♦Use 50% columns for broken .stone screened to uniform size. 

i UjWS 45% columns for average conditions and for broken stone with dust .screened out. 

Utt 4Q% columns for gravel or mixed stone and gravel. 

Use these columns for graded mixtures. 
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In the table the stone with the, smaller percentage of voids gives the lower 
strength. This is due to the proportioning by volume. To illustrate, a 
cubic foot of stone measured loose with 40% voids contains more solid 
material than stone with 50% voids, and hence makes a greater bulk 
of concrete with the same proportions by volume. I'his is further illus- 
trated in the table on page 234. (^msecjucntly, there is less cement in a 
unit volume of the concrete when the stone has 40 per cent voids; and while 
the density is slightly greater, it is not enough greater to counterbalance 
the decrease in the percentage of cement. If the proportions had been 
altered s() as to use less sand with the stone having 40 per cent voids, the 
concrete would have been stronger, with the same amount of cement per 
cubic yard of concrete, because of the greater density. 

From this it must not be inferred that the aggregate with the largest 
percentage of voids is best to use. As indicated above, it re(|iiircs more 
cement to a given volume of concrete, and the concrete is apt to be sliglilly 
less dense than with an aggregate having fewer voids, so that the latter is 
usually the more economical even although it is sometimes slightly inferior 
in strength. In the cxam[)lc in the preceding paragra]>h, with Portland 
c;ment at $2 j)er barrel, the concrete wdth stone having voids would 
require o. r 1 bbl. more cement per cubic yard than the concrete with stone hav- 
ing 40^ V, voids, and would therefore cost 22 cents higher per cubic yard. 

The following table is presented to indicate in round numbers the probable 

Approximate Average ('rushing Slrrnp^th oj i'oncrclc 
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JOOO 
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Proportions are based on the unit measure of one barrel (4 bags) cement assumed as 3.8cu.ft. 
The first column of strength values is taken from the table on the opposite page; the cylinders 
at one month are arranged as averages of a large number of tests in various laboratories made 
during the years 1904 to 1908; the ratio of strength of cul^es to cylinders is based upon the St. 
Louts tests (p. 370) and the growth of strength of wet consistency upon testsf by the authors (p. 
384). The ultfmate strength of long columns is probably from 90 to 95 per cent of the strength 
of cylinders fp. 370.) 
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strength of different mixtures of concrete under working conditions. As 
stated on the o|)|)osite page, so many conditions affect the strength that 
such data can be i)rescnted only as extremely rough approximations. 

. Variation in Weight of Concrete of Different Proportions. The weights 
of specimens of similar concrete are of interest in comparing the relative 
strength of different mixtures or of different specimens of the same mixture. 
Of twelve pairs of duplicate cubes which the authors had tested in 1903 
at the Watertown Arsenal and the Massachusetts Institute of Technology, 
the heavier specimen, except in one case, was found to be the stronger. 

The following table of tests selected from tests of concrete and mortar 
cubes made by ‘Mr. James E. Howard* at the Watertown Arsenal illus- 


WeigJUs oj Portland Cement Concrete oj Different Proportions, 


Age four months. VVatfjrtovvn Arsenal. {See p. 362.) 
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trates the comparative variation in weight and strength of concrete mixed 
in varying proportions: 

Compressive Tests of Plain Concrete. The tests on pages 363, 367, 
and 366 (F'ig.Tig), arc selected from among the best series of concrete 
experiments on record in America and Europe, so that the reader may 
form a general idea of the results obtained by expert experimenters. For 
practical comparisons of strength of different mixtures, reference should 
be made to the more complete table on page 360. The variation in 
strength of concretes mixed in the .same proportions is due not only to the 
difference in the materials, but also to the different methods of making 
the tests, and to the fact that in many cases the unit of measurement 
' ^ests of MetAls, U. S. A., 1899, pp. 788-795. 

, tltems (8) to (12), inch 'screened broken trap, and items (13) to (19), ij inch screened 

■ broken Crap. 



strength' oj Concrete in Contpressio^i from Yr.rious Authorities. Age^ one month. 
In pounds per square inch. {See p. 362) 
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used in proportioning is indefinite, and, as discussed on page 218, similar 
nominal proportions may apply to quite different actual mixtures. Not- 
withstanding these opportunities for variation, however, it is noticeable 
that the results reached by different parties really show less percentage 



FIg.i 18, Twelve-inch Concrete Cube after Crushing in Emery Testing Machine at 
Watertown Arsenal. {See p. 365.) 


variation than is expected in the tensile tests of neat cements and sand 
mortars in different laboratories even with the same brand of cement. 

In the table on page 363 of data from various authorities, only tests at 
the age of one month are recorded. Strength of the specimens at longer 
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and shorter periods may be estimated by referring to the curve in Fig. 122, 
page 375‘ 

The appearance of a concrete cube after crushing, showing the manner 
in which the sides flake off, leaving a double pyramid, and the shearing 
of the particles of stone, is illustrated in Fig.118. The specimen is one 
of a series tested for the authors at the Watertown Arsenal, U. S. A. 

Kimball’s Tests. A scries of experiments upon t 2-inch cubes made by 
Mr. George A. Kimball,* Chief Engineer of the Jloston Elevated Railway 
Company, and tested at the Watertown Arsenal, although included in the 
above* table, covers so wide a range in time and proportions that more 
complete values are worth ((uoting and are presented in the curves on 
page 366. Mr. Kimball also determined the elastic ])ro])crties of these 
specimens, and tested some of the specimens with a concentrated load, 
as referred to on page 368, He states that the stone used was conglom- 
erate from Roxbury, Mass., containing 49.5 [)er cent, voids. Its analysis 
was as follows: 


Passing 2j-inrh ring 100.0% 

“ 2-inrh “ 05.2% 

“ i-inch “ ii^.5% 

“ Mnch “ 0*5% 


The sand and cement were made into a mortar of about the consistency 
of damp sand, and then spread upon the stone, which previously had been 
drenched with water. After ramming with iron rammers and tamping 
bars, the water barely flushed to the surface of the 1:0:2 and 1:2:4 
Uire, while the surface of the 1:3:6 and the t :6: 12 mixtures a])pcarcd 
merely moist, so that the concrete was what ordinarily would be termed 
dry. The average quantity of water used with the different mixtures in 
addition to the water for wetting the stone is ex])rcssed in percentages of 
the weight of the cement and of the cement plus sand as follows: 


Percffitaj^cs oj Water Employed in KiynbalVs Tests. 


In lenns of weight In terms of weight 
of LUincnt. of cement i)!us saml.f 


Mixture 1:0:2 20.9% 20.0% 

“ 1:2:4 30.3% 10.7% 

“ 1:3:6 3‘J-3% 10.5% 

“ 1:6:12 71. r% 8.6% 

These percentages do not inchidc the water used in wetting the; stone. 


The specimens were made in cold weather, and therefore set slowly. 

♦Tests of Metals, U. S. A., 1899, {». 717. 

^Approximate. 
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They remained from two to seven days (most of them three to four da3rs) 
in the molds, and were then placed, until tested, in wet ground. Mr. Kim- » 
ball’s remarks with reference to tht leanest mixtures are of interest as 
illustrating the frequent necessity ol using richer proportions than the 
actual loading requires. 

The 1:6: 12 blocks were in poor ujndition. This was due to the 
difficulty of getting so lean a mixture well rammed into the comers of 
molds so small as 12-inch, and to the fact that the concrete had not at- 
tained sufficient strength, even though handled with care, to hold together 
well in the process of removal from the molds. The cubes of this mixture 
should have had a longer time to set before taking them out of the forms. 
In our foundation work we have used this mixture only as a filling with 
which to replace soft ground and on which to build the foundations proper. 

The diagram in Fig. 1 19 shows Mr. Kimball’s resultant curves* for the 



AGE IN DAYS ^ 

F1G.1 J19,— Tests on Concrete Cubes by Geo. A. Kimball (Watertown Arsenal, 1889)* 

{See p, 365.) 

♦From data presented to the authors by Mr. Kimball. 
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different proportions based on an assumed weight of cement of too lb. per 
one cubic foot at the various ages. The results from individual brands* 
of cements are shown by separate points. 

CandlOt’s Tests. The table IkjIow, giving results of tests by Mr. 
E. Candlot,* of France, converted into English units, is of special 
value because of the accuracy in recording the data, the extreme varia- 
tion in proportions and the number of periods at which specimens were 


Tests of Strength of Concrete made with Different Proportions, 
By K. Candlot. {See p. 367.) 



oS 



















§ 


ACTUAL QUANTITY 


* 

KA\ Kl. 

CONCRkriC 



BROKKN STONE CONCRETE 



it * 7 ? 


OF 



















MATEklALs 



w. tc 













■-1 





V 


C B 

UlfimiUe Com- 


a 

Ultimate Com- 


i'S 






fl V 

^ § 

1! 












K 

0 ® 





a 

U 

prtssivL- sin-ngin in 
lb. jicr sq. in. 

1 

u 

22 

b 


pressive siren|(in la 
lb. per sq. in. 







e c 

lb 






3 0 

JC u 

.SPb 

lb. 





ti 

S'" 

a 

■31 

Is 

>k 

% 

1 

B 

lb. 

•g 

(O 

cufl 

1 

to 

cu.ft. 

0 

d 

J? 

cu.ft. 

0 

V 

6 

9 

’0 

> 

cu.ft. 

1 “ 

tS 

lb. 

7 

d 

Q 

28 

ei 

Q 

6 

(T 

i 

^4 

I 

s 

>< 

0 

& 

> 

cu.ft. 

d 

lb. 

9 

7 

rt 

Q 

28 

in 

ta 

0 

6 

1 

I 

1 

1:6.4: 8.2 

67 

SSI 

35.3 

45-0 

6.36 

58.3 

9-5 

144.8 

1031 

1387 

1280 

1292 

54.8 

XO.I 

142.3 

- T 

1316 

1600 

1636 

1945 

1:3.6: 4-7 

67 

992 

35.3 

46.6 

7.42 

61.1 

i6.2 

i 147.3 

M.58 

2454 

2583 

322 s 

56.9 

17.4 

147.0 

2?40 

2845 

.3319 

3501 : 

t:2.s: 3-6 

67 

1433 

35.3 

50.0 

8.55 

63.0 

22.0 

1S0.4 

2312 

A 094 

3485 

4385 

61.1 

234 

1 149.8 

2H45 

34 «S 

4883 

502U 

i: 1.6: 2.8 

67 

2205 

3 S .3 

62.0 

10.77 

78.0 

28.0 

149.8 

2632 

Ml 4 

3579 

5.500 

72.0 

30.6 

151.0 

.3985 

4.303 

4623 

5974 

t: 6.4:10.9 

50 

SSI 

35.3 

60. T 

6.36 

678 

8.1 

142.3 

747 

924 

1031 

1707 

63.6 

8.7 

142.3 

1316 

1387 

1494 

1683 

1:3-6: 6.3 

50 

992 

35.3 

62.2 

7.42 

70 6 

14.0 

145 4 

> 74 ? 

1091 

2536 

2064 
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14.7 

140.6 

3008 

2241 

284s 

3201 

1:2.5: 4-7 
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14.33 

35.3 

67.8 

8.5s 

7 .J .8 

19 4 

I 4 ‘M 

21(H) 

tosK 

3532 

4505 

70.6 

20-3 

148.5 

2270 

.3414 

.3627 

5262 

1:1.6: 3.7 

so 

3205 

35-3 

82.6 

10.77 

yi.i 

24.2 

150.4 

2952 

3592 

4054 

5050 

86.2 

35.5 

151.0 

3556 

3982 

4338 

5572 

1:6.4:13.6 

40 

SSI 

35-3 

75-0 

- 6.36 

79 S 

69 

I4ix> 

676 

924 

1078 

1375 

70.6 

7.8 

14 . 3-5 

1280 

1316 

11.38 

1778 

1:4.6: 7.8 

40 

992 

35-3 

77.7 

7.42 

84.H 

11.7 

142.3 

1031 

1404 

1518 

2608 

78.8 

12.0 

142.3 

1494 

1778 

2347 

3822 

1:2.5; 5.0 

40 

1433 

35.3 

84.8 

8-55 

90.4 

15-9 

145.4 

1245 

1902 

2654 

.3247 

85.5 

16.7 

146.0 

2205 

2525 

2963 

3201 

r:i.6; 4.7 

40 

2205 

3 S .3 

103-3 

10.77 

106.7 

20.7 

149.2 

2454 

2560 

3319 

4.503 

102.4 

21.5 

146.6 

2560 

3200 

3532 

3936 


Note.— The gravel weighed p6.8 lb. per cu. ft. and contained 40% voids. The broken stone weighed 85.5 lb. per 
tu. ft. and contained 47.4% voids. Both the gravel and broken stone had been ixi.ssed through a screen ha^ng 
toei^cs of li* diameter. The sand weighed 87.2 lb. per cu. ft., thus containing 50.4% voids, and had been passec 
tough a No. X3 sieve. The cubes were 10 centimeters (4 in.) on an edge. 

crushed. The application of these tests to the authors* formula for strength 
is discussed on page 357. 

The Effect of Concentrated Loading. In concrete foundations for 
piers and in concrete footings it is customary to load an area smaller than 
that of the surface of the concrete. The question at once arises whether 
the stress shall be based upon the load divided by the total area of the 
concrete footing or by the area of contact. Experiments made upon con- 
crete and other materials show that neither of these methods is correcti 
but that an intermediate area should be selected for computation; 

»Candlot's Ciments et Chaux HydrauUques, 1898, pp. 446, 447. 
fAssumidg 3.8 cu. ft. in i bbl of 376 lb. 
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In connection with the designing of concrete footings for the Boston 
^Elevated Railway, 12-inch cubes were crushed by concentrating the load 
upon plates 10 by 10 inches and 8 by 8J inches * At Lehigh University 
in 1908 a set of experiments was made upon the strength of 6 by 6 inch 
cubes of 1:2:4 proi)ortions where the compressed area varied from the entire 
area of the si)ccimen down to 1.2 1 square inches. 

In the diagram, Fig. 120, both sets of valuesf arc plotted. The two sets 
agree where tliey overlap, and also are similar in general direction, and, in 
fact, in actual values of tlie ordinates, to curves drawn by Prof. J.B. John- 
sonj illustrating Bauschinger’s tests upon other materials than concrete. 



Fig. T2 0. Concentrated vs. Distributed Loading. {Seep, 368.) 

In considering the smaller areas, as Indicated by the smaller ratios of 
area, the fact must be considered that the compressed surface deforms, 
that is, actually compresses under the load, and the amount of deforma- 
tion, which may be approximately estimated from the modulus of elas- 
ticity, may sometimes be the limiting consideration. Also, in the small 
areas the possibility of punching through must be considered. 

The method of using the curve shown in Fig. 120 is best illustrated in 
the following examples: 

. ♦ Tests of Metals, U. S. A., 1899, p. 740. 

f From data presented to the authors by Mr. George A. Kimball and by Prof. Frank P. McKibben. 

Johnson’s Materials of Construction, p. 33. ' 
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Example i. — ^What dimensions of jjedestal would be required to safely su[)- 
portaloadof 40 tons concentrated upon a plate 10 inches square, assuming an 
allowable distributed stress upon the concrete of 650 lb. per square inch ? 

Solution. — Forty tons or 80 000 pounds on 100 square inches re}>resents 
800 lb. per square inch, and tlie ratio of j)ressure required under the con- 


centrated load to the allowable pressure is therefore 


~ 1.23; hence 


from the curve, the total area of concrete necessary is « 182 

0-55 

square inches. 

Example 2. — The breaking strength of a 12-inch cube of i : 2 : 4 concrete 
having chamfered edges, so that the area of contact of the load is reduced to 
9 by 9 inches, or 8 t scpiare inches, is 324 000 pounds. What may ])e con- 
sidered as the ultimate strength of the concrete when loaded over its full 
area ? 

Solution . — The strength per s(juare inch of the cube figured on its cham- 
fered surface is = 4 000 lb. per s(]uare inch. 7 'hc ratio of the 

81 

compressed surface to the total area is -= o.:;6, and from the diagram we 

144 

find the ratio of strength to be 1.22. Dividing 4 000 jiounds, the unit 
strength on the concentrated .surface by this gives as the probable ultimate 
of the concrete when loaded over its full area, 3 280 lb. jier sipiare inch. 

The Strength of Short Prisms. The theoretical angle of ru])lure in 
crushing is about 60° with the horizontal, and, as a matter of fact, cubes 
or prisms of concrete will leave, after crushing, pyramids whose surfaces 
are at an angle of about 60° with the base. To develop sim|)ly the normal 
compressive .strength, the height of a sjiecimen should be at least i j times, 
and preferably 5 times, its least lateral dimension. 

The following formula evolved by Prof. Johnson* by jilotting results of 
experiments by Prof. Bau.schinger with .sandstone jirisms, and by Mr. 
Charles Bouton with cast-iron jirisms, may be used for comparing approxi- 
mately the strength of prisms and cubes. Prof. Johnson states that the 
law holds between ratios of height to breadth of 0.4 to 5.0, the limits of 
the observations. 

strength of prism o . ^ n 

-- — -r — 0*77^ + 0.222- (3) 

strength of cube h 

where b =« least lateral dimension of specimen, 

and h =* height of specimen. 

♦ Materials of Construction, 1903, p. 31. 
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Although we have not sufficient data to prove that this formula is exactly 
applicable to concrete, a study by the authors of tests at the Watertown 
Arsenal* tends to show that, considering the variability of the* material, 
it is probably sufficiently accurate for practical use. In the Arsenal 
experiments square prisms were employed, varying in cross-section from 
4 by 4 inches to 12 by 12 inches and ranging in height from i to 2 inches 
up to that of a cube. In every case the shorter prisms gave much higher 
strength than the cubes. 

Example.— \l the compressive strength per square inch of a 12-inch 
cube is 4 000 lb., what strength may be expected from a prism 12 inches 
square and 18 inches high? 

Solution. — Substituting in formula (3), we have 

X 

-= 0.778 -f 0.222li 

4000 

X - 3704 

Theoretically, specimens of the same shape, as, for example, all sizes of 
cubes, should have the same strength per unit of area. In practice, large 
concrete cubes arc apt to show higher unit strength than smaller ones; 
experiments by the authors, for example, giving in every case higher unit 
strength for 1 2-inch than for similar 8-inch cubes. However, the average 
unit weight of the 8-inch cubes w^as much lower than that of the 12-inch 
cubes made from the same batches of materials, indicating the difference 
in strength to be due to the fact that the materials can be more compactly 
placed in a large than in a small mold. 

The standard c()mi)re.s.sion sjiecimen adopted by the Joint ( 'ommittee on 
(Concrete and Reinforced (Concrete is a cylinder 8 inches in diameter by 
6 inches long. 

Strength of Cubes vs. Cylinders vs. Columns. Computations from 
the United States (Government tests at St. Louisf comparing the strength 
of 6 inch cubes and standard cylinders 8 inches diameter by 16 inches long 
gives a ratio of strength of cylinders to cubes at ages of thirteen and twenty- 
six weeks as 0.88. This coincides almost exactly with the above formula. 

But few comparative tests of cylinders and columns are available, but 
these indicate that the above formula is fairly correct and on the safe side 
when comparing the probable strength of a column with the given strength 
of a cylinder. 

♦ Quoted and tabulated by Committee on Compressive Strength of Cements of the American 
Society of Civil Engineers in Transactions, Vcl. XVIII, p. 264. 

t U. S. Geological Survey, Bulletin 344, 1908. ♦ . • 
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Plain Concrete Columns. There are few comparative records bf the 
strength of concrete columns of different heights, but both theory and 
experiments tend to show that there is no .ippreciable difference in the 
compressive strength of columns of heights differing within ordinary limits, 
ranging, say, from a height of 3 to 14 times the least lateral dimension, 
provided the loading is exactly central. Prussian regulations, 1904, 
require that computation shall be made foi ilexure, if the height exceeds 
18 times the least diameter 

In 1897 tests Were made at the Watertown Vrsenalf on 12 by 12 inch 
columns of plain concrete, built by the Abertliaw Construction Company, 


Compri svm S/n ngth o/ Mortar and ContnU Columns 
0} Columns 8 jut 
Watertown Arsenal (Sn p ^71 ) 
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A Maximum load applied, column not ruptured 

6 A similar column failed at 750 lb [ler sq in but the lower end of this column was less sound 
than the upper part because of leakage of the mold 


ranging from 2 to 14 feet in length The results of these tests concur with 
the theory of columns in showing that uj) to at least 14 diameters there is 
but little decrease in strength as the length of the column increases. 

The table presented above gives results selected from tests made by Mr. 

♦ See Engmeenng Record^ July 2, 1904, p. 25. 
f Tests of Metals, U. S. A , 1897, p 38'). 
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Howard at the Watertown Arsenal* in 1905, 1906 and 1907, on con- 
crete and mortar columns. Generally the first sign of failure in the columns 
appeared in the form of oblique and longitudinal cracks, occurring usually 
from o to 3 feet distant from one end, although sometimes extending the 
entire length. ' 

A comparison of the strength of j)lain and reinforced columns is presented 
in the next cluqHcr. 

Strength of Machine vs. Hand Mixed Concrete. Mixing in a well 
designed machine produces a more homogeneous concrete than is possible 
by hand excejit with cxcessi\e labor. 'Fhe relative strength of the concrete 
of course varies with the conditions, but tests indicate that ordinarily 10 
to 20 i)cr cent greater strength may be expected in a first-class, machine 
mixed ('oncretc, projierly handled. It is probable that this more thorough 
mixing at least balances tlie extra care given to laboratory specimens, so 
that in ordinary jiractice, strength as great, if not greater, than in the labor- 
atory, may be exjx*cted 

Eccentric Loading. 'Fhe effect of eccentric loading, that is, of having 
the center of gravity of the load one side of the center of the column, is 
to lessen its compressive strength. A similar effect is produced by loading 
a c-olumn already bent, or by constructing it of unsymmetrical shape, as 
by bulging one side. 

Most columns in actual structures are loaded more or less eccentrically, 
and this is esjiccially the case with wall columns, which have all the floor 
loading ufion one side. 'Fhis must be allowt'd for in designing the c'olumns. 

'Fhe ordinary fcjrmula for the comprc'ssive liber stress due to eccentric 
loading upon solid rectangular columns, as illustrated in Fig. I2i,is as 
follows: 

Let 

r total load., 

A area of columns. 
e — eccentricity. 
h — breadth c:)f ccMumn, 

/ — average unit ])ressure. 

/' = total unit j)ressure on outer fiber nearest to line of vertical pressure. 

Then 



The use of the formula is illu.strated by the following example. 


♦ Tests of Metals, T. S. A.. 1^)05, i<p6, iffCff. 
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Example. — What will be the increase in pressure in a column 
2 feet square due to placing the loading 6 inches off center? 

P 

With central loading the pressure is, j — — 


Solution. 

hence 




Substituting the values e = 0.5 and 2 

r-2^1 

that is, the pressure on outer fibre is increased 2^ times. 

Goncrete vs. Brick Columns. The compressive strength of 
brick piers is of interest to the concrete engineer for comparing 
brick and concrete columns. Tests made at the Watertown 
Arsenal and quoted by the Committee of the American Society of Civil 
Engineers on the Conqiressive Strength of Cement* give the ultimate 
strength of common lirick piers about eighteen months old as ranging 
from 800 to 2 400 pounds fier square inch, the results for lirick laid with 
lime mortar averaging nearer the lower figure, and those for 1:2 Portland 
cement mortar nearer the higher figure. 

Prof. William H. llurr,t after di.scussing the strength of brick piers 
under various conditions, states that 


The results of all the experimental investigations available in connec- 
tion with brick masonry and experiences in the best class of engineering 
work indicate that masonry laid up of good hard-burnt common brick may 
safely carry a working load of 15 to 20 tons per square foot or 210 to 280 
pounds per square inch. In the construction of this class of masonry 
where the duties are to be severe it is of the utmost importance that the 
best class of Portland cement mortar be em])loyed, as the carrying capacity 
of brick masonry depends largely, if not chiefly, upon the character of the 
mortar. 

These working stresses are about one-half those recommended for good 
1:2:4 concrete in the chapter which follows. 

More recent tests by Professors Talbot and Abrams t indicate that the 
strength of the brick column varies with the quality of the brick, the quality 
of the mortar and the care in laying. 


SAFE STRENGTH OF CONCRETE 

The working strength to be used for concrete is fully discussed in the 

* Transactions American Society of Civil Engineers, Vol. XV, p. 717, and Vol. XVIIl, p, 264. 
‘I’ Burr’s Materials uv Engineering, 1903, p. 428. 

X University of IUf«iois, Bulletin No. 27^ Sept. 1908. 
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chapter which follows. For proportions and conditions diflFering from 
those presented there, reference may be made to the relative strengths dis- 
cussed in the preceding pages. 

In many structures the actual strength of the concrete does not enter 
into the calculation. The dimensions of a concrete foundation, for ex- 
ample, are often determined by the area of the superimposed structure, 
or else, on the other hand, by the bearing power of the soil. In such cases 
it often would be theoretically possible to come nearer to the working 
strength of the concrete by using very lean proportions, were it not pro- 
hibited by the porosity of the mass or its low strength at short periods. 
However, by grading the materials so as to reduce the voids, a lean mixture 
is often economical. 

The unit pressure to Ije selected depends not only upon the strength of the 
concrete as determined by its proportions, the character of the raw materials, 
and the methods of mixing, but also upon the character and importance 
of the structure, the nature of the pressure, — whether by direct compression 
or bending, whether from a live or dead load, or whether acting directly 
or through a cushion of inert material, — and the time of setting before^ 
placing the load. 

GROWTH IN STRENGTH OF CONCRETE 

Records from various tests made ui)on similar specimens of concrete at 
different periods are plotted in the diagram. Fig. 122. The curve illustrates 
the growth in strength which may be expected in ordinary average concrete 
made with first-class materials. The ordinates on the diagram represent 
ratios of the strength at various periods to the strength at the age of one 
month, in order that the curve may be c)f general application to various 
mixtures. If, for example, the strength of any concrete at one month is 
found to be 2 000 pounds per square inch, the strength of the same concrete 
at the age of six months may be assumed to be 2 000 multiplied by 1.35, 
the ordinate at six months, or 2 700 pounds per square inch. 

The curve does not allow for the fact that the growth in strength varies 
to a certain extent with different materials, with different proportions, and 
with different percentages of water employed in mixing. As stated on 
page 386, with age, the strength of gravel concrete appears to gain on the 
strength of broken stone concrete. The growth, too, at periods beyond, 
sajf^'three months, is undoubtedly affected by the hardness or strength of 
-,i|[i^’J>articles of the coasse aggregate, since a concrete of poor material will 
ttich. its ultimate strength earlier than one of good material. The tests , 
of Mr. Kimball (see page 366) tend to show that the increase with age 
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is greater with rich than with lean concrete, but on the other hand, testa 
of specimens made at the Watertown Arsenal indicate the reverse. The 
difference is slight in both cases, however, and it may be assumed for 
practical purposes that the rate of growth is approximately the same what- 
ever the proportions. A wet consistency of the concrete produces lower 
strength, esf)ecially at early j)eri()ds, and a larger percentage of growth 
than is indicated in the diagram. (See page 383.) 

The curve docs not apply to concretes of Natural cement mortar. 12-inch 
cubes of concrete in various proportions made from Akron Star cement 
tested at the Watertown Arsenal for William Wirt Clarke X: Son* show an 
average ratio o{ increase in strength between (me month and one year of 
1.96. With this series of specimens the average strength at the age of one 
year was no greater than at seven months, but this is probably an excep- 
tional case, since, for instance, tests by Cai)t. William M. Black on 
Natural cement concrete show a slower and continual growth, with an 
equally large ultimate strength. 

TRANSVERSE STRENGTH OF CONCRETE 

The strength of a beam of plain concrete is limited by the tensile strength 
of the concrete at the plai'c of greatest strain, which, with vertical loading, 
is its lowest surface. The value of this transverse “ fiber strength or 
modulu.s of rupture is of less importance than the crushing .strength, be- 
cause, on account of the brittleness of concrete in tension, that is, its 
liability to crack from shrinkage or sudden loading, it is .seldom .safe, and 
usually is not economical, to construct beams or girders without metal 
reinforcement. Most formulas for reinforced design disregard the tensile 
strength of the concrete. In certain computations, however, the tensile 
strength must be considered. Since concrete beams can be broken with 
less powerful and less expensive apparatus than crushing specimens, this 
form of specimen is often convenient for comparing the relative strength 
of different mixtures or different materials, and while the ratios thus ob- 
tained will not exactly coincide with tho.se for crushing strength, they will 
be sufficiently close for many purpo.ses. 

Fuller’s Beam Tests. The tablef on page 376 gives the results of a 
comprehensive series of tests of 6 by 6 by 7 2 -inch beams made by Mr. 
William B. Fuller at Tattle Falls, N. J. Although different materials 
than those used by Mr. Fuller will of course show slightly different 
strength, the table is sufficiently representative of average conditions to 
permit its use for comparisons of different proportions, and, with a proper 

♦Tests of Metals, U. S. A., 1901, p. 609. ♦ 

t^spccially prepared for this treatise by Mr. Fuller* 
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factor of ^fcty, as a working guide to the safe transverse strength of con- 
crete. 

The proportions are given by weight but can be transformed to 
volume measure by referring to the footnote. The various columns 
present valuable data on weights and volumes and voids. 

The curves in Fig. 1 23 are plotted from the results in the table, and 
illustrate also the proportions corresponding to maximum strength for a 
given per cent, of cement. 

Tests by other authorities arc mentioned under Strength of Beams in 
References, Chapter XXXI. 



Fig. 123.’ Curves showing strength of l)cams in pounds per srpiare inch for various 
proportions by weight of sand am! stone to one part Portland cement. Age 34 dii> s 

Formula for Transverse or Bending Stress in Plain Concrete. The 

common formulas for representing the longitudinal forces of i ompression 
and tension u{)on a beam are usually expressed with the following notation: 
Let 

/ ~ intensity of stress at any point in the l)cam. 

M ~ bending moment. 

I =5 moment of inertia about its neutral axis of section containing the 
point under consideration. 
y = distance of the point from the neutral axis. 
h “ breadth of beam. 
h = height of beam. 
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bff 

For rectangular sections, 7 == — and up to the elastic limit for beams 

12 

of homogeneous material (but not for reinforced beams), y ^ h. 

Hence for rectangular beams of homogeneous material, 


In considering the strength of a beam, since the stress is greatest at one 
or the other of the surfaces, y is generally understood to represent the dis- 
tance of the most strained fiber from the neutral axis, and / the intensity of 
stress u[)on this liber. 

The neutral axis — which is the line formed by the intersection of any 
cross section with the neutral plane, the ])lane uj)on which there is no 
longitudinal stress of either tension or compression — in a beam of homo- 
geneous material passes through the center of gravity of the cross section. 
This is true for mortar and concrete which contain no reinforcement in the 
earlier stages of loading. Since, however, the neutral axis passes through 
the center of gravity of the beam only within the elastic limit,* the fiber 
stress, /, at the breaking point, as obtained by the common formula, does 
not represent the actual tensile stress upon the material. The comparative 
relations between different results, however, are unaffected by this limita- 
tion of the law, and the formula can therefore be used for comparing the 
strength of beams composed of similar material. For example, while 
the stresses at the instant of breaking, that is, the moduli of rupture, as 
figured by the formula, are not strictly correct either for 8 or lo inch 
beams, they are nearly proportional to the actual stresses, so that the 
strength of plain concrete beams of different dimensions may be com- 
pared by means of the formula without appreciable error. 

For convenience in designing, a table is given in Chapter XXI for 
bending moments caused by uniformly distributed loads and for loads 
concentrated at different points. Also, in the same chapter, the moments 
of inertia, 1, for various sections are tabulated. These tables are applic- 
able for the most part to both plain and reinforced beams. 

* Although concrete and mortar have no true elastic limit the general principles apply to 
beams of these materials. 
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Relation of Transverse to Compressive Strength of Concrete. There 
is no fixed relation between the tensile fiber stress of concrete beams and 
the crushing strength of specimens made from the same material under 
identical conditions. The growth of strength is different in the two classes 
of tests, and although the general laws of increase in strength due to in- 
creasing the percentage of cement and the density appear to hold in both 
cases, the authors* formula given on page 356 for compressive strength is 
not applicable to transverse tests. 

Experiments by the authors comparing 8-inch cubes and 8-inch beams 
of i: 2J: 5 concrete give a ratio of crushing strength to modulus of rupture 
at one and two months of 6: i. 

Mr. A. Fairlie Brucef states from his experiments on the strength of 
concrete bars and arch ribs that he found the ratio between the crushing 
strength of the arch and the modulus of rupture of the bars to be about 
6 : I for concrete two to four weeks old, then increasing to about 10: i at 
the age of six months. 



NUMBER OF RCPCTITIONS PRODUCING FAILURE. 

Fig. 1 24^Fatigue of Neat Cement under Compression. {See p. 381.) 

THE FATIGUE OF CEMENT 

The action of cement under reflated stresses has been slightly investi- 
gated by Prof. J. L. Van Ornum* at Washington University. I'he ex- 
periments were made upon 2-inch neat Portland cement cubes four weeks 
old. The results of tests on 92 blocks are shown in the diagram in Fig. 124. 
The effect upon concrete of repeated applications of a load is discussed 
in the following chapter. 

f Engineering Record, Oct. 31, 1903, p. 533. 

• Transactions American Society of Civil Engineers, Vol. LI, p. 443. 
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STRENGTH OF CONCRETE IN SHEAR 

The actual strength of concrete* in direct shear is much greater than 
was formerly supposed because in many of the earlier tests this was con- 
fused with (liag(^nal tension which, as indicated in the following chapter, 
may be dangerous in a beam even when the vertical shear is small. Owing 
to the didiculty in eliminating in exj)criments the effect of bearing action, 
diagonal tension and beam stresses in general, it is not easy to devise a form 
of test specimen and a manner of testing which will determine satisfactorily 
the resistance of concrete to direct shear. In tests made at the Massa- 
chusetts Institute of Technology under the direction of Prof. Charles - M. 
Spofford in 1904 and 1905, the final failure of the sj)ecimens appeared to 
be by true shear. These tests gave a shearing strength ranging in general 


Shearing Strength oj Concrete 
By l^ROF. Charles M. Spofforu. 

Ma»»a('hutn‘ttH Institute of TechnoUujif, (»SVf' v- *^2) 
Age of C'oncretc 2\ to 32 days 


SlioariiiK Stren^tJi lb. p 

Mixture*. ^ of , 

' I Storing. ; 

j Muxiiiuim. I Miniiiuim. 


2 

4 

i Air : 

1630 j 

960 ' 

1310 

2070 

0.63 

2 

4 

1 Water ; 

20i;o 1 

1180 

1650 

2620 ' 

0.63 


.S 

Air 

CSOO ; 

890 j 

1240 

1310 

0.95 

3 

5 

! Water 

1380 

840 

I J 20 

1360 

0.82 

3 

6 

j Air 

« 45 o . 

U50 

1 180 

<) 5 o 

I .24 

3 

f) 

i Water 

1200 

1040 

1 1 20 

1270 

0.88 


Average Ratio for 1:2: 4 and 1:3:5 Concrete 0.76 


‘r yq. iiicli. r 

(VjiiipresMivt*: Ratio of 
Strength in | Compression 
1 lb. per H«i. ! to Shear. 

Av(*iag<*. ' inch. 


from 60 to 80 per cent of the compressive strength of the concrete, which 
agrees substantially with experiments made by Prof. Arthur N. Talbotf 
in [906. 

This direct shear must not be confounded with shear in a beam involv- 
ing diagonal tension where the concrete may break with a shearing 
stress 10% of the crushing strength. 

At the Institute three grades of concrete were used, and the specimens 
were stored both in air and water. The test sj^erimens were cylinders 5 
inches in diameter by 18 inches long, and in testing, the end thirds of the 

♦ Shearing tests of mortar, by Mr. Ferct,* arc recorded on page 136. 

f University of Illinois, Bulletin No. 8, 1906. 
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cylinders were held rigidly by cast iron yokes, the pressure being applied 
through a cast iron half cylinder bearing, fitting between the two yokes, 
so as to shear the concrete across two planes. To compare the compressive 
strength of the concrete with the shearing strength, six extra cylinders of 
the same dimensions were crushed. The following table gives the relation 
between the shearing and crushing tests. 

From the experiments made at the University of Illinois, referred to, tfie 
conclusion was drawn that the resistance to shear is de])endent upon the 
strength of the stone as well as upon the strength of the mortar, and for 
the richer mixture the strength of the stone i)robal)ly exerts the greater 
influence. 

EFFECT OF THE CONSISTENCY UPON THE STRENGTH 

The general result of experiments and practice tends to show that the 
strongest concrete can be .secured with a mixture containing only sufficient 
water to produce a film of mortar upon the surface after veVy hard ramming 
in thin layers, but with a wetter quaking^' mixture the ultimate strength 
will be nearly as high as with the dry mixture, and because of the greater 
ease in laying and obtaining a homogeneous mass, it is generally to be 
preferred. An excess of water injures the cement by decomposing parts 
of it before it has had oi)portuiiity to set. The actual strength of concrete 
is often of less importance than other considci ations. If, as in many clas.scs 
of structures, there is an excess of .strength, cheapness in placing, the ap- 
pearance of the surface, or the proper imbedtling of reinforcing metal, 
may be of primary importance. In such cases the quantity of water must 
be suited to the attendant conditions. 

The curves in Fig. 125 are plotted from experiments ])y the authors* upon 
the strength, densityf, and permeability of the concrete mixed with different 
percentages of water. In the three curves the points of maximum density, 
strength and water-tightness all lie not far from the medium quaking con- 
sistency, although for maximum water-tightness a still softer consistency 
appears to be slightly more efficient. 

These tests further indicate that (i) the con.si.stency which will pro- 
duce the densest concrete will result in the greatest ultimate strength pro- 
vided an excess of water is not employed; (2) dry mixtures attain highest 
strength at short periods, but mixtures of quaking consistency approach 
the dryer specimens after longer setting; (3) very wet mixtures, especially 
of lean proportions, may be chemically injured, by the excess of water. 

♦ Proceedings of American Society for Testing Materials, Vol. VI, 1906, p. 358. 

fSee p. I for definition and p. 138 for method of determining density. 
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Effect of ^Xaitance.*' Whenever concrete is laid under water, the 
water is likely to be clouded by what appear to be particles of cement 
floating up from the mass which is being laid. This whitish substance is 
generally termed ‘Maitance.’* A similar formation occurs on the surface 



Fig. 125. — Comparative Penneability, Strength and Density of i 12! uj 
Concrete, mixed with Different Percentages of Water, 
by Taylor and ThompvSon. {Sec p. 383.) 

of concrete laid with a large exce.ss of water. In certain cases, we have 
' found as much as J inch rising from a layer of i : 2J : 5 concrete less than 
five inches thick. 
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Chemical and microscopical analyses, which Mr. Clifford Richardson 
has very kindly made for us, show that this laitance has nearly the same 
chemical composition,* except for a large loss on ignition, as normal Port- 
land cements, but consists largely of amorphous material of an isotropic 
nature, — that is to say, it does not affect polarized light, and has almost 
no setting properties. 

It is evident, therefore, that when concrete or mortar is laid under water, 
or with a large excess of water, a portion of the cement is rendered incaf)able 
of setting, and the strength of the mass is consequently reduced in propor- 
tion to this loss. I'he conclusion is naturally reached that for concrete 
laid under water, or in locations where a large excess of water is reciuired 
in mixing, a higher percentage of cement than usual, about one-sixth 
more, should be employed. 

A lean mixture has been found to be more seriously injured by an excess 
of water than a rich one, probably because the water has a greater oj)por- 
tunity to penetrate the mass, and therefore to dissolve the cement. 

GRAVEL VS. BROKEN STONE CONCRETE 

Comparative tests of broken stone and gravel concretes, in the same 
proportions by volume, show almost invariably that concrete made from 
hard broken stone, such as trap, or hard limestone, gives higher compressive 
strength than concrete made from gravel. This appears to be the rule 
not only when the materials are mixed by measured volumes, regardless of 
the percentages of voids, but also when the broken stone and gravel are 
each screened to substantially the same sizes. 

'Fhe relative values of gravel and broken stone concrete in the table 
which follows are based on the comprehensive series of a comparative test 
made by Mr. Candlot in France and tabulated on page 367. 


Age. 

7 days 
I month 
6 

I year 


Comparative Strength oj Broken Stone and Gravel Concrete, 
From CandloFs Experiments 


Ratio of strength of broken stone concrete tci gravel concrete. 

Jtroken stone 47-4% voids. 
With equal voids Gravel, 40% voids. 


1.30 

1.26 

1.18 

I.I2 


I -.33 
r.19 
1.20 
1.09 


Each ratio gives the extra strength of broken stone over gravel con- 
crete of similar age. For example, if a concrete containing gravel having 

*See page 302^ 
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40 % voids tests 2 000 lb. per sq. inch at the age of six months, a concrete 
in similar proportions by volume containing broken stone with 47.4% 
voids should, according to Candlot’s experiments, test b .2 o times greater 
or 2 400 lb. per sq. inch. 

The last column is averaged directly from Candlot’s table, and may l?e 
taken as applicable to average conditions. It is noticeable that the gravel* 
concrete approaches the broken stone concrete as its age increases. Since 
in many cases the ultimate strength of concrete is determined by the strength 
of its coarse aggregate, it follows that at, say, the age of a f(jw months 
a gravel concrete may reach or surpass the strength of a broken stone 
concrete having a coarse aggregate of soft stone of low strength. 

Although the claim is frequently made that gravel concrete is stronger 
than broken stone concrete, the authors have failed to iind substantial 
proof of this. On the other hand, various records, among them a number 
of tests at the Watertown Arsenal,* as well as the tests tabulated on page 
388, tend to show the probable accuracy of (^andlot's tests. 

Another argument in favor of broken stone concrete lies in the fact that 
gravel is often covered with a film of dirt, difficult to remove, which lowers 
the .strength. In experiments for the East Boston Tunnelf by Mr. Howard 
A. Carson, Cliief JCnginecr, concrete beams made with washed gravel were 
about one-third stronger than beams made with gravel coated with a thin 
film of dirt. 

Advocates of gravel concrete, among them Mr. R. Eeret,{ assert that 
as the rounded stones slip more readily into place, it is easier to make 
with them a compact mass. Loo.se rounded stones also contain a smaller 
percentage of voids than angular, but this is at least partly offset by the 
fact shown by the experiments of the authors, tabulated on page 1 71, that 
broken stone compresses more on ramming. 

Although the weight of evidence apparently favors broken stone concrete, 
it by no means follows that broken stone always should be used to the 
exclusion of gravel. In many instances, the ultimate strength of the con- 
crete is of minor importance because the proportions of the concrete are 
determined by other considerations. Often, where strength is the cri- 
terion, but gravel is cheaper than broken stone, an additional perceiitage 
of cement may be economical. Moreover, the ultimate strength of gravel 
concrete is undoubtedly greater than that of concrete made with a poor 
quality of broken stone. With fixed proportions, as discassed on page 15, 

* Tests of Metals, U. S. A., 1898, pp. 649 to 654. 
f Boston Transit Commission, 7th Annual Report, 1901, p. 39* 

X Chiniie Appliquee, p. 533. 
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gravel is chcajKT for the contractor than broken stone, because a given 
loose volume makes a larger quantity of concrete. 

As indicated on page 388, in mixtures of like pr<‘portions by volume, 
the gravel concrete will have less cement in a cubic yard of concrete than 
a broken stone concrete unless the stone is well graded, lender ordinar}’ 
conditions ro attain concretes of nearly ccpial strength, with gravel and 
with broken stone, the sand should be proportioned in each according to 
the volume and dimensions of the voids in the stone,* and the (juantity 
of cement i)er unit volume of com[>acted concrete should be the same in 
each. The gravel concrete thus will be apt to be the denser, and this 
will lend to overcome the slight dilTerence in strength due to the varying 
character of the surfaces of the ])articles of tlie gravel and broken stone. 

Sometimes it is advantageous to mix a small percentage of gravel with 
broken stone. 

In C()mf)rehensive tests at the U. S. (Government Laboratories, St. Louis, f 
upon concrete beams, cylinders and cubes of ^different aggregates, a granite 
concrete was about 10 per cent stronger than a gravel concrete made of 
exceptionally clean hard graved pebbles, while the gravel concrete showed 
a strength about 10 ])er cent greater than that attained by a limestone 
concrete. 

Te.sts made by Messrs. William U. Fuller and Sanford F. 'rh<)m[)s()nt 
at Jerome Park Reser\'oir, New V’^ork ('ity, in [c;o5, upon the density and 
strength of concTCte wijli ditferent aggregates are illustrated in the curves 
in Fig. ]26.§ Because of the greater density, the pro))ortions by volume 
being the same, the s])ccimens made with gravel and sand contained, in the 
set concrete, a slightly larger percentage of cement, so that the strength c)f 
the gravel concrete is slightly higher than if allowanc e had been made for 
this. I'hc relatively low strength of the c^emcrete with brokem stone and 
screenings may be due in part to the character of the screenings, since tests 
by other experimenters have sometimes given exceptionally high strength 
when screenings were used. 

The fcdlo wing conclusion was drawn with reference to the relative strength 
of })rokcn stone and gravel concrete. 

A concrete with an angular coarse aggregate, such as broken stone, is 
stronger than one with a rounded coar.se aggregate, like gravel, and the 

♦ This can be better accomplished by trial mixtures, thoroughly compacted, of the dry aggregate, 
or, still better, of small batchf;s of concrete, than by water meaMiremciits of the, voids. The propor- 
tions of the aggregates giving the smallest bulk of concrete to a given weight of the mixture of aggre- 
gates will be the best. Also, tee Chapter XI on Proportioning. 

f U. S. Geological Survey, Bulletin No. 344, I9C^. 

i Transactions American .Society of Civil Engineers, Vol. LIX, p. 67, 1907 

S Engineering News, May 30, 1907, p. 599. 
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same sand and cement — although the rounded aggregate produces greater 
density — thus indicating a stronger adhesion of cement to broken stone 
than .to gravel. ' However, if the sand is also angular, like screenings, but 
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FiCr. 126. — Comparative Density and Strength of Concrete made with 
Different Aggregates. By Fuller and Tliomi^sori. (See p. 387) 


' ,C|fSth its grains of the same sizes as the sand, the concrete with rounded 
/^oarse and line aggregate is the stronger, probably because of its greater 
density. 
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EFFECT OF THE SIZE OF STONE OR GRAVEL UPON THE STRENGTH 

OF CONCRETE 

The dimensions of the largest particles of stone and gravel which may 
be used in a concrete are often limited by practical considerations of mixing 
and placing. For ordinary work it is often specified that the stone shall 
pass thn)ugh a 2-inch, or, more often, through a 2^-inch ring. For ordinary 
mass concrete of wet consistency the limit may be placed as high as 3 
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MAXIMUM SIZE STONE 


Fig. 127. — Comparative Density and Strength of Concrete made from 
Broken Stone of Different Maximum Sizes. Proportions 1 13 :6. 

Age, 140 Days. {See p. 390.) 

inches. In some cases, however, the stone must be small enough to pack 
readily around reinforcing metal, while in walls whose surface is to be 
picked or washed as described on page 289, a better appearance will result 
with stones under, say, one inch diameter, although the strength of con- 
crete appears generally to increase with the size of the largest particles of 
stone in the mixture. This is illustrated with the gravel and the finer trap 
b experiments by Mr. Howard* at the Watertown Arsenal upon 12-inch 

♦ Test on Metals, U, S. A., 1898, p, 654, 




390 


A TREATISE ON CONCRETE 


cubes of I : I ; 3 concrete made with uniform stone of different sizes. The 
weights of the specimens indicate that the increase of strength is due pri- 
marily to the density The higher the limit of size the greater the vaiiation 
in the sizes of material and therefore the greater the density of the mixture 

John Kyle* nearly doubled the strength of i 2 6 concrete made with 
i-J-inch stone by substituting 4 parts of 3J inch stone hr a like portion of 
the inch 

Tests by Messrs Fuller and Thompson j showing the effect of aggre- 
gates of different maximum size are illustrated in the curves in Fig 127 

From these tests the following conclusions were drawn 

I —Stone of the largest size makes the strongest concrete under both 
compression and transverse loading, le , a graded aggiegate m which the 
maximum size of the stone is 2^ in in diameter gives stronger concrete than 
a giaded aggregate with i in maximum size, and the r in stone gives a 
stronger concrete than \ in stone A concrete in which the graded aggie- 
gate runs to I in in maximum size will reepnre for ccjual stunglh about 
one sixth more cement, and with an aggieatc running to \ in maximum 
size, about one third more cement than concietc with an aggregate in which 
the maximum si/c is 2 J in 

2 — The largest stone makes the densest concrete ('onrreio made with 
graded stone having a maximum diameter of 2^ in is noticeably denser 
than that with x-in stone, and this is denser than that with } in. stone 

effect of the quality of the stone upon the strength 

OF CONCRETE 

The ultimate strength of concrete is often limited by the textuie or 
strength of the coarse aggregate Ihib is cvidcntl) the case with cinder 
concrete Fxperiraents by Mr Geo W Raltcrj gave the strength of con- 
crete made with hard broken sandstone and vanous proportions ot mortar 
from r 5 to 2 4 times the strength of similar mixtures of broken shale and 
mortar, and this discovery led to the rejection of the latter as a material 
for concrete. 

Tests of the authors upon 1 2-inch cubes broken at the Watertown 
Arsenal lead them to believe that at least in certain cases the ultimate 
strength of a concrete is actually fixed by the shearing strength of the 
particles of stone which make up the aggregate ('‘ubes in proportions 
1*2^: 43, — based on a cement barrel of 3 8 cubic feet, — attained an ulti- 
mate strength of 5000 to 5500 pounds per square inch. On account of 

* Proceedings Institution of Cm! Engineers, Vol LXXXVII, p 8$ 
f Transactions American Society of CimI Engineers, Vol LIX, p 67, 1907. 

% Second Report on the Genesee River Storage Project, Naw York, 1894. 
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idijQEerences in the methods of mixing and ramming, some of the speci- 
mens reached this limit at the age of two months while others did not 
attain it for six months; but it w’as noticeable that at whatever j)eriod the 
ultimate strength was reached the planes of fracture were smooth, break- 
ing through each piece of stone, whereas before the ultimate strength was 
reached many of the stones pulled out from the concrete, leaving jagged 
instead of smooth surfaces on the pyramids rtuiiaining after the cubes 
were broken, to destruction. The stone emphwed for these specimens was 
a hard, dense trap. If a weaker stone had been used, it is j>robable that 
the pieces would have sheared at a much earlier penod and the ultimate 
strength would have been lower. 

. Tests at the United States Government Laboratories at St. Louis § Ui)on 
6-inch cubes of exceptionally goexi i .*2:4 concrete 26 weeks old, made with 
different coarse aggregates, show the following average ultimate strengths: 

Granite concrete, 4750 pounds per square inch. 

Gravel concrete (quartz pebbles), 3810 jxmnds |K?r square inch. 

Limestone concrete, 3460 pounds per square inch. 

Cinder concrete, 2320 pounds per square inch. 

If concrete is mixed in such ])roportit)ns or by sucl) methods that the ulti- 
mate strength is reached before the stones shear, the strengthof the particles 
of stone is a much smaller factor in the result. 

• Tests of crushing strength of building stone made by Mr. Richard L. 
Humphrey* give the relative strength of s]>ccimeiis of several kinds of 
stone: 

The average of a large number of tests of 2 inch cubes, part on edge 
and part on bed, by Gen. Q. A. Gillmore, and quoted in Burr’s “ Materials 
of Engineering, .shows average re.sults for granite and sandstone almost 
identical with the average of Humphrey’s tests on these materials, while 
the average strength of .specimens of limestone and marble was about 
t3 000 lb. per square inch. Tests at the Watertown ArsenalJ give the 
crushing strength of 4-inch cubes of sound trap rock as 33 300 lb. per 
square inch, and of seamy trap as 19 400 Ib. 

The table giving results of Mr. Humphrey’s test is especially interesting 
as showing in a general way that the heaviest rock is apt to have the highest 
strength. Of the 8-inch cubes tested on their bed, so as partially to elimi- 
nate the effect of cleavage planes, the specimen of quartzite is the only one 
which does not follow this rule. In Gillmore’s tests mentioned above, the 

J-U. S. Gcok>gi<ral .Survey Bulletin, No. 344, 1908. 

■'* As tabulated |)y Edwin C, Eckel in Engineering and Mining Journalf June 20, 1901, p. Oii* 
Edition of 1903, p. 433. 

>4 Tests of Metals, U. S. A., 1898, p. 577. • 
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varkUon in 0ie i»ame kind of stone from difkrcnt localities is krge^ but in 
each kind the heavier rocks usually give the higher resistances. We niay 
state, therefore, as a general rule in comparing rocks of the same kind, Ithat 
those of the highest specific gravity arc apt to be the strongest, and this rule 
may be extended in many cases to the comparison of different kinds of rock 


Crushing Tesis^ of Cubes of Stone. 
By Richayd L. HuMPHurY. (Stc p. 


I.«catioa. 

Kind of Stone. 

1 

1 

& 

1 

lb 

Specific Gra\u\ j 

1 


Avenge Crus] 
amchcutie | 

iiing Strength 

8 mch cube 


Fdge 

Bed 

S.9 

Edge 

g.9 

^sr 

Chester, Pa 

Gneiss 

165.71 

1 

2 O9 

0 3^5 

6 097 

5 446 

9 505 

6 42f 

Germantown, Pa 

Gm iss 

176 23 

2 825 

0 13s 

19 891 

IS sss 

II 636 

13 984 

French Creek, Pa. • • , 

Granite 

190.46 

308s 

0 155 

IQ 997 

X 4 348 

17 274 

7 910 

Coni^hohocken, Pa . . . 

Mica schist 

177.76 

2 91 

0 T 5 S 

20 038 

15 680 

10 417 

7 532 

Curwensville, Pa 

Sandstone 

146 00 

2.40 

s-SS’y 

10 218 

8 013 

7 513 

4 463 

Lumbcrviile, Pa 

Quart/itc 

158.19 

2 63 

0 9qS 

no test 

no test 

14 841 

8 637 


EFFECT OF PERCENTAGE OF CEMENT UPON THE STRENGTH 
OF CONCRETE. 

The strength of concretes of the same density made with similar mate- 
rials varies approximately with the percentage of cement, so that the com- 
parative strength of concrete in different proportions sometimes may be 
estimated sufficiently close for practical purposes The following table 
gives the results of certain of the Jerome Park tests* by Messrs Fuller and 
Thompson, where the density of the concrete was maintained nearly 
constant. 


DESTRUCTIVE AGENCIES 

The effect of sea water, frost, fire, and rust, are treated in Chapters XVI, 
XVII and XVIII. 

Effects of Adds. Experience shows that after concrete has thoroughly 
^ hardened, it resists the attack of diluted acids, such as are found in sewage, 
and that it is only seriously affected by strong acids which injure nearly all 
other materials. Concrete has proved to be the most successful lining for 
dusters In pulp mills, where sulphurous acid is present undfer high heat 
pressure. 


^ * Traji^cliaiis Amerksn Stotiety of CjvU Basioetfft, Vgl, biX, p. a?, 1907. 
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Ilifect of Manure* Concrete of good quality after hardening is not 
affected by manure, although it may be injurious to green concrete.* 

Effect of Oils. Tcstsf indicate that mineral oils do not injure concrete 
even if applied to it when only a week or two t>ld. Animal fat and vegetable 
oils tend to disintegrate it if ap]>Iied when the concrete is green, but these 
appear to be successfully resisted if the concrete has thoroughly hardened. 
Hardened conc rete may be affected by the vapor from the melting of aninuil 
fat, probably because of the acid w^hich it contains. Mr. Tochf states that 


Comparative Density and Strength oj Similar Comrctc with Different Pcrcen* 
of Cement ana 2^- inch Stone Graded as an FMi^ se and Straight Line 

By Puller and Thompson’. {See />. 392 .) 
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1 654 

1 540 


t to }4 


3 04c 
1 837 


* In gravel and wind mixtures the percentage by wciglit of cement was increased in each ease 
to l>a]ance the dUlerence m sj>ecjific gravity between tins an<l the ciu<«bed mateiial. 


the action of fat or vegetable oil is due to expansion caused by the formation 
of crystals of stearate and oleate of lime. Light oils, like kerot»ene or 
naphtha, penetrate any substance very readily, so that if concrete tanks are 
used for their storage, sj)ecial precautions must be taken in tlicir construe* 
lion. 

Effect of Electrolytic Action. Testsf and ex{:>ericncc indicate that con 
Crete is injured by electrolysis. However, there is less danger for plain con* 
Crete or for reinforced concrete than for structural steel even if the latter 
is incased in concrete or other masonry, 

’^See Investigation of Ccllapse of Filter Roof during Construction at Lawrence, Mass.,'* by 
Sanford E. Thompson, journai New England Water Worka Association, Vol. XXII, No. a. 
f James C. Hain in Engineering News, Apr, ao, 1905, p. 279. 
i Engineering News, Apr. 20, 1905, p. 419. 

' I % .A, A. Knudaen, American Institute Electrical Engineers, VoJ. a6, p. 133, by Masimilian 
Tod*; Engfaieeiing Record, June 30, 1906, p. 794, and by N. J. Kteboks, Engineeriog Newi^ Dec. 
tie p» 
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STRENGTH AND ELASTICITY OF CINDER CONCRETE 

Tests at the Watertown Arsenal* on t 2-inch cubes of (’inder concrete 
mixed in diiTerent propcjrtions gives results arranged in the following tables: 

Comprr >\ivr Strength of V2~iuch nthes of Cinder Concrete, 

\\ Arst*nal. {Sec p. 

i Al;c. I numlh. [ Axt’i 3 moiitli-J. 

i I i 

Proiii)r(ions 


ClTtllTll. 


('tMUfin S.ui<l. CiniltT ' 
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, w 7. I 
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.\!iu*noan Portland. 
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valiic* lor Ann*ri( an (a'lncnt is an .'Tvrragt* of .«»i\ 1 211H li i iiln s inadt* from two brands of 
(lass Portland (Tnu’nt. 'I'hc cxai t agt* of tin* ('icrman ((‘MU'nt s|K‘ciincns wa.s 
3S and ()() days, an<l of the American cement spot.iniens 31 and <;o days. 

FJoAtic Properties of Cinder CorKrcle^ 12 inch iiihes at three months, 
Watertown .\rs( nal. (.SV'c />. 301.) 
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♦Tcbth of Metals, U. S. A., 1898, pp. 561 and 573. 
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MAKING CONCRETE SPECIMENS FOR TESTING 

Complete and careful records must be made of the methods employed 
and the materials used in making concrete sjx'cimens for testing, in order 
to reach results of value for comparison witli those of other experimenters. 
The Jack of this care and accuracy has rendered the larger number of tests 
on concrete of only local significance. 

'Fhe practical relation of the density (^f a concrete to its strength, as 
discussed in the jireceding jiages, indicates that it is not merely necessary 
t<‘ measure roughly tlie materials entering into the composition, but that 
the exact amount i>f solid matter, the coarseness of tlie jiarlickis, the char- 
acter of th(? surfaces of the grains, the moisture in the materials, and the 
additional quantities of water used, must be vtTy carefully recorded. 

'The cost of making and testing concrete specimens is so great, that the 
additional time required for entering nrites full enough to produce results 
of scientific value is insignifi<‘ant. "I'he blank form with the values in an 
actual test filled out is presented on [lagc 396 h)r recording data relating 
to the making of concrete s[)ecimens. On the same form may be added 
plac es for recording the results of the tests. In most cases it isadvi.sable 
for greater exactness to make separate batc hes for each spc*cimcn. 

In addition to the information outlined, mc.*chanical analyscjs should be 
made of the aggregates as a j)art of the jiermanent records, and for the com- 
putations in the form, it is also necessary to determine the sfiecilic gravities 
of the materials. 

The s])ccilic gravity of Ikirtland c ement in most c ases may be assumed 
as 3.1, and, in fact, the specific gravity of the sand may also be a.ssumcd 
without ajiprec ialile error as 2.65. For the spcxilic gravity of other aggre^ 
gates special tests are necessary. 

Conc rete for exjierimental specimens should be mixed by experienced 
men. There is a certain knack in properly turning the materials so as to 
mix them thoroughly which can be acejuired only by t)ractic:e, and the 
amount and manner of ramming or ]juddling is so important that specimens 
may be rendered wortjiless by improiier maniiiulation. 

The molds for specimens should be made of metal or of good cjuality 
lumber, preferably white pine, so that it will not twist c)r get out of shajjo, 
and the surface next to the concrete should be planed, and all joints made 
water-tight. The mold should l)e wet or greased before t)lacing the con- 
crete. If metal, the grease or oil must l over every part of the surface. 
A wooden mold for two cubes is shown in Fig. 1 28. 

Dimensions of Specimens. Compre.ssion .specimens are limited in size 
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Item. 

1. 

2. 

3 - 

4 - 
, 5 - 

6 . 

1 : 

9 - 

lO. 

IX. 

12 . 

13 - 

T 4 . 

15 - 

i6. 

^7- 

iS. 

U). 

20 . 

21 . 

22. 

33 - 

24. 

35 - 

26. 

27. 

28. 
21 ). 

33 - 


33 - 

34. 


Expt. No.. . .. 

File Waltham Reservoir. 
Date 2/g/o6. 

Form jor Recording Data on Concrete Specimens 
(Figure.s 111 ( ) refer to Item Nuiubei>.j 

Nominal Proporti(Mi.s 1 : 1,8 : 4.1 

00 


Cement Atlas 

Sand . Ja.f. JO-' 

No .^20 and .f.21 

tXjygregate 1 1 .Cravcl 

.1.22 


Car No. 

Kind of 
Kind of 
Analysis 
Kind of Coarse 
Analysi.s No. . . 

Weight of Cement Used 

Weight of Sand Used 

Weight of Coar.se Aggregate U.scd I2.S§ 

Weight of Water U.sed i.yj 

Per Cent Water to Weight of ('ement plus Sand -=?<?% 

Temperature of Water (o^ F. 

Temperature of Laboratory 7-0° b\ 

Total Weight of Material (8) \ (<)) \- (ro) I- ( 11 ) ^3 ^6 

Weight of Mold Empty j.oo 

Weight of Mold Filled 20.^0 

Weight of Concrete Net 

Weight of Concrete Left Over h.oo 

Weight Unaccounted for-^-A.ssunied as Solid Material* o.j6 

Weight Unaccounted for-- Assumed as Water 0,00 

Volume of Fresh Spe<'iinen (cii. ft.) o.i:;27 

Weight of Specimen —Mold Removed ij.y 

Method of Storage Air 

Weight of Specimen T 3 efore Testing 

Measurements of Specimen Heh)re 're.sting. . . . y.'v/' X S.02" X 
Date and Hour Specimen Made " 

Date 're.stecL • • • ^ 

Specific Gravity Cement 


S 15 Sand. . . .2.65 .^r. 

Weight of Cement in Fresh (\mcrete (8) X ^ ^ 

(iS) 

AV eight of Sand in Fresh (^mcrete (9) X “p ^ 

Weight of ('oarse Aggregate in Fresh ('oncrelc 

. ^ ^ 0.^^ 

(iS) f- (icj) l- (20) 


jAj-j p.m. 
• ^ 3/{)~T0 a.m. 
Stone. . . .2.75 


( 30 ) 

(30) 


1 - 


(iS) 

(o/) 


f (20) 


■ 3'<^Q 

.3.68 

i2.yo 

. 1.76 


35. Weight of AA^ater in Fresh Coticrete (ir) X 

36. Ahsolute Volume Cement in Fresh ('on ere tc (assume 1 cu.ft.waler, 62.4 lb.) 

(.>2) 

(32) X 62.4 X (2g) 0.103 

37. Absolute A'^olume Sand m Fresh Concrete 

( 3.0 

(22) X 62.4 X (30) 

38. Absolute A’^olurae Coar.se .Aggregate in Fresh ('oncrele 

^34) 

(22) X 62.4 X (31) 

39. Absolute Volume AA^ater in Fre.sh Concrete o.rS.f 

40. Total Absolute Volume Afaterials (36) -f (37) f (38) 4- (sg) • o.ogo 

41. Density (36) -h(37) + (38) ' 0:81$ 

42. Remarks 

C'omputed by G. li. 
Checked by 5 . ii. 7 '. - 

Tools and Trays. Divide the Total Loss, (15) — [(18) +(19)), by Estimation 
Items (ao) and (ar). 
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STRENGTH OF PLAIN CONCRETE 

by the capacity of the testing machine. The Emery Machine at the 
Watertown Arsenal, one of the largest in the world, has a capacity of 
800 ooo pounds, and the authors have had i2«inch concrete cubes tested 
there which reached this limit, so that 12 inches on a side may be fixed in 
general as the maximum size for specimens. For a lower limit it is doubtful 
if specimens less than 6 inches square can be made to give accurate results. 
A series of comparative tests by the authors upon 8-inch and 12-inch cubes 
gave much higher breaking strength per square inch for the larger size 



Fig. 1 2 8. -Mold for Concrete Cubes. (See p. 395.) 


specimens. It was evident from the lower unit weight of the smaller 
specimens, that the difference was due, at least in part, to variation in 
homogeneity. 

Cubes have been the common form of compression specimens and are 
suitable for comparative tests of ultimate breaking strength, but for study- 
ing the real value of concrete in compression, or for determination of 
elastic properties, long prisms are preferable. 

For column tests, the length of a specimen should be at least five times 
the largest lateral dimension. Both theory and practice show that beyond 
this point there is but little variation in the strength per square inch, pro- 
viding the loading is central. See p. 369. 
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The specimen re('ommen(]e(l for crushing tests l>y the Joint Committee 
on C’oncrete and Reinfon ed (’onercte, and used at the V. S. (lovernment 
Lal)oratories at St. Louis, is a cylinder is inches diameder hy i6 inches long. 

For reinforced concrete lK‘ams liie Conimiltc'c reiornmended 8 hy ii 
inches hy 13 feet long, testing this on a 1? foot sj)an. 

Beams for testing the transverse strength of loiurele an* usually made 
from () to 12 iiu'hes scjuare. 'I1ie smaller size is salisfat lory piocided the 
mixture is a fairly wet one so that the corm rs and sLirfa(('s of the molds 
<\'in he liih'd. For specimens 6 indies scpiare a coiueiiicnt lenglli is h 
feet, to h(* hrok(‘n on a Oo inch span. 'I’Ik* h.dv(‘s of tin* sj)c*dm»*ns may 
he afti'rvvards broken to average with the full beam li st or to compare the 
stn‘ngth at dilTerent juriocls. Kxjieriments prove that the ultimate liber 
stress in tlu* half Ijeams will he practically, as well as theoretic ally, the same 
as that in tlu* whole beams. 

Speiinu'iis for crushing must he fa(a‘d with some matciiai which will 
transmit the strain to all j»oints in the* surfaces. At tlu* Watertown Arsenal 
plaster of Paris or neat cement is c‘mplo\c'd. .\fli‘r s|)reading the surface* 
with a c'oat of jilaster or cement, a block of jiolished sti'c*! is placed upon 
it, and it is allowc*d to set. Before cTiishing. the surface is tested with a 
.straight edge, and any irri‘guiarllic*s are smootlu'd off with its sharji edge. 

Specimens for Rough Tests. If tlu* cpialiu of sand is epu'stioned and a 
laboratory i^ not awiilable, a rough le^t ma\ Ik* made* by mixing up a bloc k 
of mortar or (onc'rc*te, using the .same aggrc*gatc*s mixed in the same* propor- 
tion and to the .s.inu* eonsi>ienc'y that is to be* em|)lc)yed in the* work and 
examining the spc*cimens from day to day. If kept in a w'arin room under 
a moist doth, the mortar or concrete should bardc’n .ific'r 24 hours so as to 
resist the j>n*.ssure of the thumb and at the end of a wc'c‘k in the* air it should 
be liard and sound. 

Method of Quartering. I'o obtain an a\(*rage sample from a j)ile <-f 
sand, gravel, or stone, the method of cjuartering is useful. Shovelfuls of 
the material are taken from the various jKirts of the jiilc, mixecl together 
and spread in a circle, d’lu* circle is c|uarleri*d, as one would c[uarler a 
])ie, hvo of the opposite cpiarters are sho\dc*d away from (hi* rest, thor- 
oughly mixed, sprc'ad, and cjuarlered a-, hd'ore. The operation is re- 
peated until the,* cjuauti.y ii reduced to that reejuired for the sample. 
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CHAPTER XXI 

REINFORCED CONCRETE DESIGN 

Rciiiloivol ronrrctc ( oncrete in whirli .steel «.)r other metal is imbedded 
ti) inerease its strength. Although it has Iwii emj)loyed generally as a 
\} lilding material for only a few years, the laws governing the eft'eelive 
(.omhiiiation c»f roncreU* and .steel are now suftKiently well established tt) 

I liable the engineer to design a striirlure with assurance (^f iiermanent 
Strength and durability. 

( )('casional failures have occurred in reinforced concrete construction 
through neglect of es.seniial jirinciples. d'he causes have been (i) ])oor 
design, particularly in the details which do not occur in steel design; (2) 
])oor materials, especially poor .sand; (3) mis]>lacemcnt of reinforcement; 
and (t) too early rennival of form.s. The.se are all readily preventable 
uuises under careful engineering and superintendence. Some of the more 
important j)oinls to guard against are outlined in C'hapler H, page j8a. 

I 'nlii ret ently there luis been con^deralde divergence in the theory of b(*am 
(l(\sign and of ('oliimn chv.igii. Authoritative rep(^rts w'erc brought out in 
Ivjrope in ipoy and rpoS. In America, the jeant (‘ommittce on (‘oncrete 
and Reinforced Coiu rele i)r(*sentcd il.s lirst Progn'.ss Rc*j)m't early in n^O'y 
'J'lus Joint Commilb e i ' com[)osed of members sedec l('d from the Ameiu an 
Society of ('i'd laigiuc'ers, the American Socic'ty for 'besting Matciials, the 
American Railway Engineering and Maintenance of Way Association, and 
the Association of American Ihirtland ('enient Manufacturers, and there- 
fvce rejiresents the highest authoiity in the United States. Its recommen- 
dations have tended to .standardize general j)raclic(i. 

In lliis chapter the recommendations on dc'sign of lliis American Joint 
('ommittee have been followed, not only because of their general acrcplanc c 
as a standard, but liecamsc they agree with the view's of the authors and 
rcfircscul the most satisfactory rules thus far formulated. This lias necessi 
tated no changes in the methods of analy.sis given in the first edition, .since 
the lluuwy of stress there presented has since been generally ado])led. 

Results of rec ent tests have made possible a more comjdctc treatment c^f 
the details of design, and exten.^ive study and investigation have led to the 
additiem of simple working formulas and practical rc'commcndalion.s. 

In general, only brief discu.s.sions together with the rules and principal 
formulas for design are given in the text, the analytical treatment of each 
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subject being transferred to the Appendix or printed in footnotes for the 
use of readers interested in the theoiy. 

In the following pages, then, are discussed: 


Fundamental principles of the combination of steel and concrete . 
General principles of design and formulas for rectangular beams 

and slabs 

Simple formulas for T-beams 

Design of the ends of continuous beams next to the supports 

Reinforcement for diagonal tension and shear 

Bond of steel to concrete ' 

Details of beam design 

An example of floor design 

Theory ot the design of fiat slabs 

Bending moments and shears from an elementary standpoint 

Distribution of loads 

Tables and curves for beam and slab design 

Tests of reinforced beams 

Columns of plain concrete, vertically reinforced, and hooped 

Reinforcement for temperature contraction 

Types of reinforcement 

Analyses for the derivation of beam formulas, including: 

Simple rectangular beams : 

T-beams 

Beams with steel in both tension and compression 

Beams with concrete bearing tension 

Simple beams treated by the parabolic theory 


400 to 

416 to 432 
423 to 426 
427 to 430 
441 to 456 
456 to 461 
441 to 46X 
468 to 475 
483 
433 

431 

507 to 526 

\ll 

500 

504 

75 ^ 

754 


762 


In other parts of the treatise are discussed various special types of 
reinforced concrete construction and details of design, including: 


Arch design 

Retaining wall design 

Footings 

Building construction 

Chimney design 

Analysis for circular beams and chimneys 

Conduits 

Tunnels 

Dams 

Reservoirs and tanks 

Specifications for first-class or high carbon steel 

Protection of metal from corrosion and fire 

The notation adopted in the formulas is the Standard Notation as 
adopted by the Joint Committee 


533 

659 

644 

607 

630 

765 

679 

689 

674 

11 

337 
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GENERAL PRINCIPLES OF REINFORCED BEAMS 

A concrete beam, when reinforced with iron or steel rods properly placed, 
develops a capacity for carrying loads several times greater than its carry- 
ing capacity when without reinforcement. It is evident that the location 
of the reinforcement in the beam must conform to the principles of mechanics 
so that the concrete shall be strengthened in its weakest part. Hence, since 
concrete is comparatively weak in its resistance to pull, reinforcing metal 
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snould be placed where it will aid the concrete in carrying tension. In a 
beam or slab the metal should be as near to the surface on the tension side 
of the beam as is consistent with properly imbedding it and providing a 
sufTicicnt thickness of concrete to protect it from rust and lire. 

Since concrete is a brittle material and steel a comparatively ductile one, 
it might be expected that the stretching of the tension surface of a beam 
would result in the formation of cracks on the under surface of the concrete, 
and that all the pull would V^e imposed upon the steel. Tests by Prof. 
Frederick E. 'Furneaure* and others have shown that cracks in tlie concrete 
arc actually produced by the tension and that the tension load is thus trans- 
ferred to the metal. However, while these cracks reduce the strength of the 
concrete, tlicy are so minute, being at first invisible to tlie naked eye, and 
so distributed over the section, that the reinforcing metal, as shown by 
tests, is protected by the concrete from corrosion even up to the point of the 
clastic limit of the steel. f 

Not only must the steel be correctly located, but it is essential to have the 
pro[)er quantity of metal in the beam. It is obvious tliat if the cross section 
of the metal is too large as compared with the area of the concrete in com- 
pression, the beam, in case of failure, will give way by compre.ssion in the 
concrete, whereas, if the area of the metal is too sinaM, wcaKne.ss will show 
itself as soon as the metal has reached its yield point, which is usually not 
far from one-half the actual breaking strength of the st(‘el. 'i he area of the 
reinforcing metal in rectangular beams and slabs is a[)t to vary according 
to the conditions from about \% to i^% of the area of the crass section of 
tlie reinforced beam above the steel. For example, a beam jo inches wide 
and IT inches deep with steel one inch above its bottom surface (100 square 
inches net area) requires, according to circumstances, from J square inch 
to r J .square inches section of .steel. In any given design this area of rein- ^ 
forcement should he determined from the character of the member and the 
strength and elasticity of the concrete and the steel. More than 1% of 
steel is not usually economical in a rectangular beam unless the concrete is 
allowed to be stressed beyond tlie high prcs.surc of 750 pounds persquare inch. 

In designing a beam composed of concrete with steel imbedded in it, 
the bending moment produced by the sujjerimposed load, — which is termed 
the live load, — plus the weight of the beam itself, the dead load, must be no 
greater than the moment of resistance of the beam (i.f., the moment of the 
internal resisting forces of the strength of the concrete and steel) divided by 
a proper factor of safety. 

♦ Proceedings American Society for Testing Materials, 1904 

fSec page 4xa 
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That which differentiates the study of a reinforced concrete beam from 
that of a beam composed of a single homogeneous material is the determina- 
tion of the pull, which is borne by the steel alone, and of the compression, 
sustained entirely by the concrete. The problem is rendered the more com- 
plex because the strength and elasticity of concrete vary through a wide 
range according to the nature of its ingredients and their proportions. 
Current practice, borne out by experiments made at various American uni- 
versities, indicates that beams may be designed on the assumption that the 
concrete in the upf)er j)art of the beam resists all the comj^ression and the 
steel in the bottom of the beam takes all of the pull. 1 his is always on the 
safe side, since the concrete assists the steel in tension to a slight degree, 
'rhe theories of the distribution of the stresses in reinforced concrete, which 
arc based on the elasticity of the concrete and the steel, are sufficiently 
accurate for the practical purposes of design. Before giving formulas and 
tables to be used in the design of reinforced beams, the ] principles govern- 
ing the assumption of the distribution of stresses arul the {properties of the 
materials will be considered, 

A Plane Section Before and After Bending. While experiments at 
the Massachusetts Institute of Technology indicate tliat the law of {plane 
sections before and after loading docs not a{jjply exactly to reinforced 
concrete beams, nevertheless, it is .suffkien ly accurate for {practical 
{)ur{)oses to assume it correct, viz: that if a plane section is taken through 
a beam before loading, after loading, this section, even though inclined to 
its original } 30 sition by the bending due to the load, remains a {Plane section. 
From this it follows, as in the common theory of beams, that the stretching 
or shortening {per unit of length of any fiber which cuts the section consid- 
ered may be assumed as pro{)ortional to the distance of this fiber from the 
neutral axis of the section. 


MODULUS OF ELASTICITY OF STEEL 

The modulus of elasticity of steel varies from 28 000 000 {pounds per 
square inch to 31 000 000 {pounds {pcr square inch; 30 000 000 is customarilv 
taken as an average value, and is the value adojplcd in this treatise. 

All Stool, irrespective of its Ultimate Strength, Elastic Limit or Chemi- 
cal Composition, has Substantially the Same Modulus of Elasticity. It 
ffpllows therefore from the principles of elasticitv that the stretch under a 
given pull is i!Klepcndcnt of the character of the steel. 
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MODULUS OF ELASTICITY OF CONCRETE 

The modulus of elasticity is an important item in reinforced concrete 
design and is discussed at length in the pages wliich follow. For practical 
design it is recommended that the ratio of the modulus of elasticity of 
steel to that of concrete be taken at 16 , corresponding to a concrete modu- 
lus of 2 000 000. 



Fig. 129. Stress Deformation Diagram, Limestone Concrete Cylinders of 
Medium Consistency and Extra Good Quality.* {See p. 404). 

Determination of Modulus of Elasticity. The modulus of elasticity, E, 
may be taken as the quotient of the stress i)cr unit of area divided by the 
deformation (that is, the elongation or the shortening) in a unit length. In 


* Bulletin No. 344, U. S. Geological Survey, p. 33. 
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customary English units where the modulus is in pounds per square inch, 

stress per square inch 
deformation per linear inch 

It is determined in the laboratory by measuring the deformation for the 
loads successively applied and plotting them as shown in Fig. 129. The 
cuivcs in the diagram represent the deformations, at different stages of the 
loading, for atypical cylinder 8 inches in diameter by 16 inches' high of extra 
strong 1:2:4 concrete, tested at the St. Louis (Government Laboratory in 
1907. The set, which is the permanent deformation when the load is 
released, is not indicated in the diagram because the total deformation is 
that wliich must be used in reinforced concrete analysis. 

The form of the deformation curve is approximately a parabola,* but 
the tests at St. Louis j indicate tliat for first-class concrete the modulus is 
nearly constant for about onc-tliird of the ultimate strength. Tlie modulus 

at this point is - or 3 200 000 pounds per square inch, in the four 

0.00025 

weeks old concrete tested. 

Results of Tests. Numerous tests have been made to determine the 
modulus of elasticity of concrete which indic ate as large a range in results 
obtained Ijy different e.xperimenlcrs, even with concrete (;f the same pnj- ^ 
portions of cement to aggregate, as from t 500 000 to 5 000 000 per s(}uarc 
inch. The reasons for this are not yet fully determined; it has been 
conclusively j)roved, however, that the age of concrete, its richness and 
its density have undoubtedly a large influence on this variation. 

The following table, compiled from various tests, may be of value as 
suggesting aj^proximate values of the modulus for different proporlion.s of 
concrete based uj)on the total deformation at one-third the crushing 
strength of cylinders at an age of thirty days. 7 'wo columns are given, one 
for ordinary wet concrete of medium (quality, and one for concrete very 
carefully made with a dense mixture of mushy consistency and kept wet 
during hardening. The “ordinary’' values are slightly below those which 
should be expected in practice on construction work. 

The modulus of elasticity of concrete probably bears a definite relation 
to its ultimate strength, but the factors which enter into this relation 
probably will never be determined exactly. Plotting the results of a large 
number of tests made at the Watertown Arsenal, at the Government Labora- 

♦ See discussion by Prof. Talbot in University of Illinois Bulletin, No. 10, Feb. 1. 1907, p. ai. 

■j- Bulletin No. 344, U. S. Geological Survey, pp. 36*53. 
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tory at St. Louis, and at many of ihe colleges, indicates an approximate 
ratio of 1300 between the modulus of elasticity and the ultimate strength. 

Kimball’s Tests. The moduli at different loads from tests of Mr. George 
A. Kimball made at the Watertown Arsenal upon 12-inch cubes are given 

Moduli of Elasticity of Concrete of Different Proportions. Approxhnate 
Average Values. p. 404.) 


j ORDINARY WET COVfRETE. 


EXCT.PTIOVAI.LY STRONG 
CONlRKTE. 


1 PROPORTIONS. 

i 

i 

j 

i 

Crushing 
Strength 
at 30 days. 
Ib.per sq.m 

JModiilus 

of 

Elasticity 
lb. per sq. in. 

1 Crushing 
j Strength 
i .It 30 drys. 
jib per sq in 

Moiiulus 

of 

Elasticity 
lb. per sq. in. 

Broken stone or| 




1 

1 
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I 
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; 2^ : 5 
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T Soo ooo 
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i ^ 
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' I 
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900 ] 
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r 5 00 
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T 

: 2 • 

700 

QOO ooo 
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' I 300 ooo 


Note — A moiiulus of z ooo ooo, corresponding to a ratio of 15, is recommended for general 
use. 

in table below. The moduli are computed with the s('t deducted from 
the deformation, so that the values arc slightly higher than would be obtained 
from total deformation. 

Elastic Properties of Broken Stone Concrete 17-inch Cubes, 


Portland cemont,* bank sand and broken congloincrntn stone. 
By GKOiioi: A. Kimhall at Watertown Arsenal. />. 405.) 


CDMPOSITION 
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Various other tests of mtxlulus of elasticity may be found in Tests of 
Metals, U. S. A., during the years 1898 to 1907. 

Tests of Mortar Prisms. Elastic properties of prisms of neat Portland 
cement and cement mortar, from tests made ])y Mr. Howard* at the 
Watertown Arsenal, arc j)rcscnted in the following table: 


rroprrtirs of Cctiieut and .\fortnr Prisms 6 hy 6 hy iS inches, 
WattMlowa Ar'^ciidl. (^Scc p. 406.) 



Modulus of Elasticity in Beams vs. Columns. 1 'he modulus of elasticity 
in beams as deierjuint'd by measurements and computations by l^rofessor 
Talbot is approximately the same or possibly slightly lower than in col- 
umns. 

Effect of Consistency of Concrete upon the Modulus of Elasticity. An 

excess of water in the coiUTcte not only decreases the strength (sec ]>age 
382), but also affects the deh)rmation curve S(j as to show a mf)rc vari- 
able modulus near the beginning of the test. The moduli of concrete 
of different consistencies and at different ages are shown in the tables from 
tests of the authors on following page. 

Relation of Stress Deformation Curve to the Theory of Beams. The 
theory of beams is workcfl out under the a.ssum|)tion that a section plane 
before bending remains plane after bending so that llie deformation orstretch 
at any [)oint in the compressive pcnlioii of the beam is prof)ortional to the 
distance of this ])oint from the neutral axis. According to this assumption 
the distribution of stresses is als(^ l)ro])ortional to the distance from the 
neutral axis so long as the modulus of elastii ity is constant. This distribu- 


* Tests of Metals, U. S. A., 1898. 
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tion may be then represented by a straight line as shown in Fig. 131, j). 417. 
When, however, the modulus of elasticity changes Hookas Jaw — that stress 
is proportional to deformation-' -is no longer a])j>li(:able, since the intensity 
of stress is no longer proportional to the distance from tlic neutral axis but 
changes according to the relation of the moduli of elasticity at dilTerent load- 
ings, and the line rci)resenting the distribution l)ocomes a curve.'^* 

ModuUis of Elasticity of Coiicrctc of Di(fer<rnt Consistencies. Pro [portions by 

Volume 1, : 2i 14^ 

liv TA^10U ANJI) TiI(’>M»’SON. (s<v' /> ^06.') 

nrv . MPDll \l. \1KY WKl. 



SiiK'e the modulus is nearly constant williin tlie wtu'king limits the authors 
have ado])tc'd the straight line tlieory of distribution of stress as simplest and 
most ])ra(tical.J 

Formerly the parabolic distribution of ])ressurc in concrete above the 
neutral axis was used in preferciu'e to the straight line theory because 
it corresponds somewhat more nearly to actual te'^t. d'h('- two theories, 
however, rectuire practically identical ])erc'c*ntages of stead and the only 
difference is in the determination of the unit stress in the* conc rete. When 
using the parabola theory, about 15% lower ('om})ressivc stivss in the c<ai- 
crete must be iiscxl than when figuring by the straight line theory to obtain 
similar results. For example*, 650 ])(xinds per scpiarc inch safe comi)res- 
sion by the straight line theory corresponds to about 565 p«)unds ])er square 
inch by the parabola theory. 

* A comprclicn&ive analytical discussion of the effect of a varying* modulus of elasticity upon the 
pressure in a beam under different loadings is piescnted by Prof. Talbot in Journ.il Western Society 
of Engineers, Aug. 1904. 

t “The Consistency of Concrete,’* by Sanford K. Thompson, American .Society for Testing 
Materials. Vol. VI, i‘>oV 

t It is also recommended by the Joint Committee, 1909. 
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Value to Use for the Ratio of Elasticity in Compression. For beam 
and slab design and also for column design, tests indicate that a practical 
value of 15 for tlie ratio of the moduli of steel to concrete corresponding to a 
concrete mc^dulus, •= 2 000 000, best satisfies the conditions for ordinary 
1:2:4 concrete, and without serious error may be used for all classes of 
concrete, and is therefore recommended for general use.* For calculations 
relative to detlections where the tensile strength of the concrete is taken into 
account, a ratio of elasticity of 8 to 12 may be used as giving re- 
sults corresponding more nearly to actual conditions. I'hc value of 15 
has been adopted in the American, British, (iernian and Austrian rules 
up to 1909. The French rules for 1907 authorize a range from 8 to 15, 
according to conditions. 

A lower modulus of elasticity for concrete (that is, a higher ratio) should 
be used in determining the location of the neutral axis in beam design than 
the values obtained at working loads in comjiression tests, to comiiensate 
for the neglect, in the ordinary formulas, of the elTect of tension in the 
concrete. The use of a high ratio is generally on the safe side also, since it 
lowers the apparent loc ation of the neutral axis and increases the amount 
of steel re(|uired. These reasons ex]dain the selection of a ratio of 15, 
whic h is a higher value than is obtained in cc)m])ression tests. On the 
other hand, when the modulus is to be used to determine the dellection of 
a beam, a lower ratio (i, e., a higher modulus) should be uschI to make up 
for the omission of the tensile stress unless this is allowed for in the formulas. 

In column design, while the use of a low ratio is most conservative, a 
high ratio (i. e,, a low modulus) corresponds more nearly to ac tual c o di 
tions, because if there is a weak spot in the ci)lumn or unusual loading, the 
steel will be brought into action to an amount indicated by the lower 
modulus. 

The ratio of modulus of elasticity within working limits in beams figured 
by the parabola and by the straight line methods is indicated by Prof. 
Talbot’s studic'sf to be in the ratio of about 13 to 12. 

Modulus of Elasticity in Tension. But few tensile tests of concrete have 
been made, but these indicate! that the elastic modulus in tension is 
probably the same as the modulus in comjircssion. 

ELONGATION OR STRETCH IN CONCRETE 

According to tests of Professor Turneaurc, already mentioned, reinforced 
concrete under a iiull, as in the lower portion of a beam, will usually stretch 

* It is thus recommentled by the Joint Committee, 1909. 

j- University of Illinois, Bulletin No. 4, April 18, 1906. 

i Prof. W. Kendrick Hatt, Journal Assoaation Engineering Societies, June 1904, p. 32. 
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o.oooi to 0.0002 of its length, that is, o.oj per cent to 0.02 per cent, before 
showing minute cracks or “water- marks.” Cracks become noticecible at 
a stretching varying in different s])ccimens from 0.0003 to 0.0010 of their 
length. At tins stretch, the steel imbedded in the concrete will have a stress 
of 9 000 to 30 000 i)ounds per square inch. Even then, however, the cracks 
are still so small and are so well distributed by steel properly [)laccd that 
they arc n(’>t a[)t to be noticed in a reinforced structure until the steel has 
nearly reac'hed its elastic limit. 

The concrete in a reinforced beam stretches similarly to the concrete in 
a plain beam cxce[)t that the plain 1 oncreie ])eam breaks when the limit of 
stn'U'h is reached, while if reinforced, tlu.* pull is borne partly by the steel 
and partly by the concrete, and they both s1ret('h together uj) to the })oint 
where cracks, so minute at tirst as to be almo.st invisible, occur in the ct)n- 
crete. 

The action tlie reinforced concrete is shown in the dellection curve in 
Fig, 130. 'The inclination of this (urve t hanges at about the same load 
that is recjuired to break a similar bcxim of jdain concrete. 

'File diagram shows a tyjm al result of Frof. I'alboFs tests of the defor- 
mation of the c<nicretc and the di'formation of th(‘ steel, the dell(‘clion of 
the beam, and the various measured po.sitions of the neutral a.xis during 
fle.xure. Among other conclusions, Prof, 'Falbot draws the following: 

1. The com])ositc structure ac'ts as a true combination of steel and con- 
crete in flexure during the first or ])reliminary stage, and this stage lasts 
until the .steel is stressed to, say, 3 000 pounds per square inch, and the 

lower surface of the concrete is elongated about ^ of its length. 

10 000 

2. During the second or readjustment stage then*, is a marked change 
in distribution of stresses, the neutral axis rises, the concrete loses part of 
its lensional value, and tensile stresses formerly taken by the concrete are 
transferred to the steel. During this stage minute cracks probably exist, 
quite well distributed, and not easily detected. 

3. In the third or straight line stage the neutral axis remains nearly 
stationary in position and the comTcte gradually loses more of its tcnshinal 
value. Visible ( racks ai)j)ear and gradually grow larger, though no change 
in the character of the load-deformation diagram results. It would seem 
pnjbable that at tliese cracks the stress in the steel is more than is indicated 
by the average deformation for the full gage length. 

Professor 'J'albot states that at the load whim the curve changes charac- 
ter, — which in tlie beam shown in the diagram is about 8 000 pounds total 
load, - -there are i)ro]>ably invisiljle cracks in the lov/er portion of the beam. 
This change in direction of the curve, indicating a suddenly increased load 
upon the steel, is strong pro(.)f of the loss in tcnsional resistance of the con- 
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Crete. Professor Turneaure, moreover, in his experiments, at loads some- 
what beyond the ])oiiit of change in direction, actually discovered these 
minute crac ks. IJe tested his beams ujisidc down, that is, the load was 
applied upward, and the minute cracks or water-marks were shown by 
hair lines on the wet surface of the concrete. Professor Turneaure* says: 

It has been found that by testing the beams when somewhat moist, a 
crack is made visible when exceedingly small, it apt)earing first as a narrow, 
wet streak perhaps ^ inch wide and a little later as a dark hair-like crack, 
li was not necessary to search for the lines with a microscope as under these 
conditions they were readily found. 

"I'hat the wet streak, called a 'Svatermark'’ hereafter, shows the pre.sence 
of an actual crac k was demonstrated last year by sawing out a strip of the 
concrete containing such a w'atcrmark; the strip fell apart at the water- 
mark. 

In the j>lain concrete no \vatermarks or cracks were observed before 
rupture. Comparing the observed and calculated elongations of the 
reinforced concrete with those for the ]>iain ('oruTCte at rupture, it will be 
.seen that the initial cracking in the former occurs at an elongation practi- 
cally the same as in the latter. 

'i'he significance <.>f these minute cracks is an o))en (juesiion. It has been 
su])poscd that concrete reinforced by steel will elongate about ten times 
as much before rupture as will ])Iain concn*tr. 'I'hese experiments show 
very clearly that ruj)turc bi'gins at about the same elongation in both cases. 
In the plain concn‘te total failure ensues at oiue; in the reinforced con- 
crete rujiture occurs gradually, and many small cracks may develoj) so 
that the total elongation at final rupture will be greater than in the plain 
concrete. In other words, the steel develops the full extensibility of a \ 
non-homogeneous material that otherwi.se would have an extension cor- 
responding to the weakest section. 

These results are somewhat at variance with the conclusions reached by 
Air. Considcrel in b'rancc. He was not able to locate these fine cracks 
and therefore ('oncluded that while the stretch of j)lain concrete was about 
o.ooor of its length or about o.oi%y in combination with steel it could 
actually attain a stretch twenty times this, or 0.2%. Because of this apjjar- 
enl action of the concrete, Mr. Considere in his formula for beams assumes 
the concrete to resist a certain amount of tension. 

The stretch, or deformation, in the concrete of a reinforced beam may be 
estimated approximately from the pull, or stress, upon the steel and the 
modulus of elasticity of the latter, since 

stress 

elastic deformation = , , -. .7- 

modulus of elasticity 

* Proceedings American Society for Testing Materials, 1904. 
j- Considere’s Reinforced Concrete, p. 35. 
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For example, if tlie steel is [>iilled to i6 ooo pounds per square inch, the 
stretch per unit of Icngtli (disregarding ini dal tension) is 


1 6 ooo 
30 ooo ooo 


= 0.00053 


Knowing the stretch in the concrete (and therefore the stretch in the steel 
im!)edded in it) the stress in the steel is readily computed from the same 
formula. 

Tensile Resistance in the Concrete. Professors 'ra]])ot and Turneaure 
l)oth concluded from their tc.sts in i(;04 that the tensile strength of conende 
may be disregarded in the con.si(lcralion of the ultiinale load carried by a 
beam. 'This has since be(‘n ado])ted as current })racticc in design and is 
in ac(\)rdance with tiie recommendations of iqoS and 1909 in America and 
Europe. The len.silc resi.stance of tli(^ concrete affects the deformation and 
dcllection of the beam under tlie smaller londs, but if, as is customary, the 
working strength i.s taken as a definite fraclioii of the rrsistaiu e at the elastic 
limit of the steel, the tensile resistance of the concrete need not be con- 
sidered in the design of reinforced beams. 

Prof. Turneaure says: 

I'he i)rescnce of the crack.s of coiir.se seriously affects the tensile strength 
of the concrete, and, as they a|)pear at an elongation corres})onding to a 
stress in the .steel of 5 ooo })ounfLs i)cr .sijuare inch or less, it would seem that 
no allowance shoukl be made for the tensile resistance of the concrete. 
Furthermore, if siu'h cracks arc present the calculation of the tensile resist- 
ance of reinforced concrete by the method u.sed by Considere leads to no 
useful result. In his tests Considere determines the stress in the steel from 
measurements of its elongation and then assumes the concrete to carry the 
remainder of the load. Assuming the value of E to be uiiinlluenced by the 
concrete, this would be correct .so long as the stress in the steel and in the 
concrete is uniform between points of measurement . As stated by Considere 
himself, such results are only average values. TUit the conen'te may l:c 
cracked entirely through and yet [)osscss a very considerable average tensile 
strength over a length of several inches. Obviously in that case an average 
is of no value: the strength of the concrete is really zero. 

In practical de.sign the mo.st imf)ortant (|uesti()n which ari.ses is how far a 
concrete beam may be cracked without ex]'>nsing the steel t(^ corrosive 
innuences. In tliis respect it seems to the writer that the minute cracks 
which appear in the early stages of the tests can have very little influence. 
However, the entire (Question of the effect of cracks and pores in the concrete 
on the corrosion of tlic steel needs careful investigation.* 


♦For later information on this point, see p. 318. 
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QUALITY OF REINFORCING STEEL 

It is generally recognized in reinforced beam design that the yield point of llie 
steel should be considered as the ])oint of failure of this material. 'J ests 
show that when the metal reaches its yield point, the beam sags, and tliis 
deflection, due .to the stretch of the steel an<l in some cases to the sli]>ping 
of the steel because of its reduced cross-section, is likely to produce crush- 
ing in the concrete. 

The yield point of ordinary mild steel purchased in the ojKm market, as 
determined by the droy3 of the beam in te.sting (the true elastic limit is several 
thousand pounds lower) cannot safely be fixed at a higher value than 30 cco 
pounds per sijuare inch, although frequently, and in fact in the majority of 
cases, a value of at least 36 000 pounds, and in many cases 40 000 pounds 
will be found. 

High steel, that is, steel containing a high ]>ercentagc of carbon, has a 
much higher yield ])oint than mild steed. If of first class (jualily,* a mini- 
mum yield ])oint may be placed at 50 006 or 55 000 pounds ])er sipiare inch 
and muc h of it will reach 60 000 pounds, d'he ultimate .strength should 
be not less than 85 000 jxnmds })er .s(|uare ini‘h. d'hu.s, if it tan be .safely 
employed in reinforced concrete, it is ada])ted to carry much higher .‘?lrc.‘-’.s 
than mild .steel, and, convcT.sely, a .smaller perc'i'Titage of it is recpiircd for 
the same moment of resistanc e, ]Maiiy cngiiiec^rs do not a[)prove of the vse 
of high .steel because of its brittleness when of poor (juality, and the danger 
of sudden accident, and because of the fact that it is prohibited in ordinary 
structural steel work. 

Brittleness in steel, however, is less dangerous in reinforced ccjhcrctc 
than in many rlas.ses of structural stc'el work because the cNincrete protects 
it from slioc'k, and also because smalic-r sections of steel are used in com rete 
beams than in steel beams, and the large and irregular shapers of the latter 
render them much more sen.sitive to irregular cooling during the j)rocess of 
their manufaeture. 

Mild steel, that is, ordinary market .stc'el, is manufactured and sold under 
such standard conditions that for unim})ortant striirturcs it often may he 
used without other test than the bending t(\st givcui on j)age 415. High 
steel, on the other hand, must be very tlioroughly tested. When tested, 
however, as per our .specifications, jiage 38, it is entirely safe and to be 
preferred to mild steel. The objection to it for reinforcc'd concrete is 
based largely upon the u.se of a poor cpialily of material and the extra 
cost. Another objection which has been raised is that before the elastic 


* Sec Specifications for rirst-i Kass Steel, p. 38. 
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limit is reached, the stretch in the high steel may produce excessive cracking 
in the coiicrcle in the lower portion of the beam, and thus expose the 
steel to corrosion. 'I'he mere fact that cracks are visible does not prove 
that they arc dangerous, because the steel is always designed to take the 
whole of the ti'nsion. Mr. Considere’s and Professors I'albot’s and 
Turneaure’.s tests indicate tJiat there is no dangerous cracking even with 
higli steel until the yield point of the steel is reached. 

1 ests made in Europe in 1907 (see p. 336) j)rove ciuitc conclusively that 
the cement ])rotects the steel from ordinary and even extraordinary corrosive 
action until the elastic limit of the steel ^is nearly reached. In cases where 
very minute ( racking of the concrete may ('ause anxiety (even although not 
dangerous), the steel, whatever its quality, should not be stressed beyond 
tile ordinary limits of, say, t 6 000 pounds ])er scjuarc inch. 

A yield i)oint in steel of 30 000 pounds per s{iuare inch corresponds to a 
stretch of o.ooro of its length and a yield point of 50 000 to a stretch of 
0.00167. (See ]). III.) 

If st(X‘l could be made with a high modulus of elasticity it w'ould be par- 
ticularly serviceable for reinforced concrete, because the higher the mod- 
ulus of elasticity of a material, the less is the deformation under any given 
loading. Unfortunately, howev. r, all steel, wliether high or low in carbon, 
has substantially the same modulus of elasticity (30000000 lb. j)ersq. in.). 

It may be stated, then, that high carbon steel, say, 0.56% to 0.60% carbon, 
of the (|uality used in the United States for making locomotive tires, is 
better than mild steel for reinfor((}d concrete jirovidcd the steel is well 
melted and rolled, and is com ])a natively free from impuritic's, such as 
I)hosphorus. However, a high carbon steel, unless limited by ('hemical 
analy.sis, and made under careful inspectiem, is in danger of bca’ng more 
brittle than low earhon .steel. Its use, therefore, should be limited .stnVtly 
to work important enough to warrant the ordering of a special steel and the 
taking o[ sul'licient trouble on the ])art of the purchaser to insure strict 
adherence to the si)ecilications. Since manufacturers cannot always be 
depended upon to exactly follow specifu ations of this nature, ii is nece.s.sary 
that an inspector be sent to the works either by the dealer or the purchaser. 

The specifications for first-class steel on page 38 are sulTiciently explicit 
so that steel w^hich comes up to them can Ije safely used and a working stre.ss 
of 20 000 lb. per sq. in. wfill not be excessive. A steel which can be em- 
ployed with safety for all the locomotive and car wheels of the country certainly 
cannot be discarded as unsafe for concrete, provided similar precautions 
are taken in its j)urchase; on the other hand the extra cost may prohibit 
its use except under special conditions. 
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Bending Test for Steel. The most important test in the spc( ifications 
is the bending lest and no steel which fails to pass this bending test 
should be used under any circumstances. 'Fhe bending test is as {('Hows: 
Test specimens for Ixmding shall be bent cold to the following angles 
without fracture on the outside of the bent portion; 

Aro.ind twice their diameter. Around their own diameter. 

Specimens r inc'h thick, 8o‘^ Sj)ecimens I inch thick, 

Specimens ] inch thick, 90°. Sjiccimens incli thick, 140'^. 

Specimens J inch thick, 110°. Specimens J inch thick, jSo°. 

Steel with high elastic limit, whether due to lilgh carbon or t('» manijnila- 
tion in manufacture, .sliould be pundiased with these reservations even if 
the working stress is to be no higher than is used with mild steel, say, 16 000 
])ounds per sfiuare inch, because it is liable to be l^rittle. In case a lot of 
st<'cl has ])ceii deliverc'd without previous test by the purchaser, one bar 
selected at random in every 100 should he subjected to this test and if it 
fails to pass, the jiortion from which it is taken should be rejected. 

THE STRAIGHT LINE THEORY 

For reasons discussed in the preceding jiaragraphs, the authors have 
selected the straight line llieory of distribution of stress with the coneretc 
taking no tension. 

'J'his theory assumes the following hypothesis as a basis for practical 
design: 

(1) A plane section before Ixmding remains plane after bending. 

(2) Tension is borne entirely by thc^ steel. 

(3) Initial tension or comprcs.don is absent in tlie steel. 

(4) Adhe.sion of concrete to steel is perfect within working limits. 

(5) Modulus of elasticity of concrete within tlie usual limits of stress is 
a constant. 

Our reasons for selecting this theory may be brietly recapitulated as 
follows: 

(a) Beams designed by it and properly built will be uncpicslionably safe. 

(b) Fine cracks arc formed in the tension j)ortion of the beam at an 
early stage in the loading which actually destroy nearly all of the tensile 
resistance of the concrete. 

(c) The modulus of elasticity in many tests has been shown to be approxi- 
mately a constant within working loads. 
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(d) This theory is the simplest, and the most easily understood. 

(e) It has been adopted by tlie highest authorities in America and 
P'urope. 

(f) The results from it may be readily compared with other theories. 

These assiiniplions lead to the formulas given in this chapter. 

During the j^criod termed by Prof. 'PallSot the first stage (see p. 410) it is 

necessary in scientific .computations invadving the dcllection of the beam 
to take tlie tension of the concrete into account by the methods given on 
page 760. 

LOCATION OF NEUTRAL AXIS 

I'he location of the neutral axis after the load has been transferred to the 
steel, is given in formula (6) on page 420 and numerical values for different 
moduli of elasticity and different percentages of steel on j)agc 521. As is 
evident from the formula, it varies ^^ith the strength and elasticity of both 
the concrete and steel. Because of the peculiar action of the deformations, 
as illustrated in Fig. jiage 409, the hxralion of the neutral axis changes as 
tile load is applied. The question is much simplified in practice by assum- 
ing a constant ratio of moduli of 15. 

An empirical formula suggested by Prof. 'Falbol for the location of the 
neutral axis under normal loading is given on page 479. 

'Jests show that the neutral axis for small Icxidings is just below the eentci 
line of the beam. Fit grealet loadings it moves gradually nearer to the 
compression side. As the first c racks deveJoj), the change in ])osition of the* 
lunitral axis is more sudden, and the distance of the neutral axis from 
the com])ression side so(»n reaches its miaimum, wtiieli for usual tiereent- 
ages of steel is 3 / 1 o to 4 / i o of the depth from the top, after which the change 
for additional loading is inai)])rcc:iablc. At failure the change is sudden 
again. 


DESIGN OF A RECTANGULAR BEAM 

In a simple rectangular beam we may represent tlic stresses by the dia- 
gram shown in Fig, 131, ])age 417. At any vertical section through the 
beam the concrete* in the upper portion rexsists the forces which tend to 
rom[>rcss it, and tlie steel in the lower j)art of tlie beam resists the forces 
which tend to stretch and break it in tension. The compressive resistance 
acts in one direction and the tensile resistance in another direction, as desig- 
nali'd by tlie large arrows in the diagram. 'Flic center of tension in the 
steel is at the center of the rod, or, if there is more then one tier of rods, 
through the center of gravity of tlie set of rods. The center of pressure of 
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the concrete passes through the center of gravity of the triangle which repre- 
sents the compressive stresses. 'Fhe reason for the assumption of the 
uniformly increasing pressure from the neutral axis to the outside fiber is 
discussed above. 
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Fifj. J31. Resisting l'\>r(‘os in a Rcinforceil Concrete Beam. 

{See p. 417 anti 4'io ) 

On page 420 are given simple formulas to review a beam already 
desigiu‘(l and the various letters in Fig. 131 arc there defined. 

A comj>lele analysis of rectangular licams is presented In Apj)cndix IT, 
and the reader is referred to the di.scus.sion of the theory there given and the 
derivation of tlie formulas. (See j>. 751.) 

theory of beams recjuires that the total internal j)n‘ssure be etpial 
to llie total tension or pull in the steel. The safe resisting moment of the 
beam, which of course must be equal to or greater than tlic lieriding moment, 
is the product of the moment arm (that is, the distauev between renters of 
tension and coiri])ression) limes cither the total safe pressure or the total 
safe pull. In case the design is unbalanced so that the beam isstrongerin 
compression than in pull, the .strength of the biaiiu is limited by the safe 
moment of re.-istance determined from the allowable tension or pull in the 
steel. If, on the other hand, the tensile resistance is greater than the com- 
]>ressive resistance, the concrete governs the strength of the beam. 

A beam, then, must have breadth and dej)lh sufficient to prevent excessive 
compression in the concrete in the top of the beam and enough steel to 
take ail the iiull without excluding the working stress of the steel. Rules 
for this are given in the simple formulas which follow. 'Fhe steel must 
also have sufikicnt lioiid (see p. 456) and in many c ases inclined or 
vertical reinforcement is required as treated in connection with diagonal 
tension, pages 448 to 459. Continuous beams also rccjiiire reinforcement 
over the supports, as described in pagc.s 427 to 431. 

Having computed the maximum bending moment due to the loads (see 
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1 ^- 439) the breadth of the beam, b, is assumed and the depth of the steel is 
found from the following formula: 

I-et 

d = depth of beam from compressed surface to center of steel in 
inches. (Sec Fig. 137, p. 417) 

jd — moment arm or distance between centers of tension and com- 
pression. 

b ~ breadth of beam in inches. 

p ~ ratio of cross-section of steel to cross-section of beam above the ccntcl 
of gravity of tlie steel. 

A^ area of cross sec lion of steel in square inches. 

M — moment of resistance or bending moment in general in inch-pounds. 
C = a constant for a given steel and a given concrete. 

, j~ir 

d -^ c yj ^ (0 

and Ag phd (2) 

'’I'hc constants C and p to be substituted in the above formulas may be 
taken from the table on j)age 519 corres pom ling to the ull'owablc working 
stresses in steel and concTete and to the ratio of their moduli of elasticity. 

Selected working stresses for tension in steel, /«, and compression in 
concrete, require a definite percentage of steel, and the percentage 
cannot be altered without changing the ratio of these working stresses.'^ 
Fora working com})rcssion in the concrete of (>30 1 pounds pcrs(|uare inch, 
a working pull in the steed of 16 ooof pounds per scpiare inch, and a ratio 
of mcxlulus of steel to concrete of 15-]', for com rete having a comprt‘S.«i\e 
stress in cylinder form of 2 000 pounds per s(]uare inch at 28 days. 



, A = 0077 bd (4) 

Example i: What depth of beam having a span of r 8 feet and what area 
of .steel are required, using above unit stresses, for a freely supported beam 
with a load of 600 pounds per running foot? 


* Sec page 752, formula (5). 
f Recommended by the Joint Committee, 1909 


t More exactly, 0.096 


I Af 


\ t 
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c 7 4- r» J- 4. ^ X 18 X 

Solution: Bending moment, M , for g- is 

inch pounds, and using formula (3) 


18 X 12 


29160a 


<1- — =19 indies 


With 2 inches of concrete below the steel, the total depth of bc.iin is thus 
21 inches. 

The area of steel from formuhi (4) is 

A = .0077 X 8 X 19 = 1. 17 square inches. 

thus (from Table i, page 507) requiring four J inch rf>uiid bars, or their 
equivalent. 


Depths and Loads for Different Bending Moments. I'iie deptli maybe 
ol)laincd in termsof the unit load, if desired, by sul)stituting for M in formula 
(i) its value in terms of the loa<l and the span. This may l)e readily trans- 
posed also to give the load, Wj which a given beam will carry. 

The following table is used for determining on the one hand the depths 
of a beam to be designed, and on the other hand the safe loads ()f a beam 
already designed, for uniformly distributed loads, la tlic formulas in the 
lal)le: 

d - depth of beam from compressive surface to center of st(‘(‘l in inches. 

1 ) -- ])readth of beam in inches. 

-- load in ])Ounds per running foot of beam (including weight [>er linear 
fool of beam). 

I --- Sj>an in feet. 

C -- a constant from Table to on page 519. 


Formulas for Depth and Loading of Rectangular Beams for Different Bending 

^ r /c'-- -C I .. ./""x 



Moments. 

{See p. 519 for values of C.) 
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Formulas to Review a Beam already Designed. To review a beam 
already designed, the following formulas may be used, the derivation of 
which is given in Appendix II, page 751. 
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fc ■= unit compressive stress in concrete })er sejunre inch. 

/, ~ unit t('n^iIe stress in steel per S(juare inch. 

d — depth (»f heiim from c oinj)re‘<sive surface to center of steel in inches. 
/ Hiiii) of distance between the centers of conijiression and tension to 
depth of beam. 

jd — ^ T — ^ ^ distance between the centers of compression and tension. 

h = breadth of beam in inches. 

Ag - ^ area of cross- section of steel in s(jLiarc inches. 

p ■ ^ ratio of cross-section steel to cross-section of beam above center oi 
gravity of stc'cl. 

k rati<» of de))th of neutral axis to de]>th of beam d. 

M -- ]>endin^ moment in inch poimds. 
n -- ratio of elasti(itv of steel to coiicrelt' 


k ■ I 2 p)i : (/;;/)“' - pn (6) 


'I' hen 


A. 

bd 


(5) 


\r 

^ AJd 


(7) 


2 M 
bd- jk 


(S) 


The valuers of j and k are dependent upon the percentage of steel and the 
ratio of moduli of elasticity of .steel and coinrete and may be taken from 
tabic, ])ages 520 and 521. 

For a beam with about 0.8 per cent of horizontal .steel fin which case, the 
tension in steel is about f6 000 ])ounds per.scjuare inch and tlie compres 
sicni in concrete 4 about 650 pounds jxt .sipure inch) the distance bet\\e('n 
the center.>of conifjrc^.ssion and ttmsion jdy is about I d and the above formulas 
may be ex})ressed with scarcely aj^prcciablc error as 


/.-= 


o 


M 

87 A^d 


(7a) 


/', = 


6 . 1 / 


(8:1) 


Neither the allowable tension in steel nor the allowable compression 
in concrete should be exceeded. Tables for deterniining the dimensions 
a (1 loading of reaangular beams are givem on })agcs 50c; to ^ir, and the 
methods of prac tical computation and details of design are illustrated in 
Example 6, page .164. 'r-beams are treated on })age 423. 

The selection of bending moments to use in design of continucus beams 
is treated on p. 439. 
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DESIGN OF SLABS 

A slab, as far as the computatfoii is concerned, is a rectangular beam and 
the de])tli and percentage of steel are therefore obtained by the formulas 
just given. 

Since the bending moment is figured for a width of sla!) equal to one foot, 
h ill formulas (i) and (2) becomes 12 indies and the formulas change 
(using notation on page 418) to 

== 0.29C l/M (9) 

A^ = 12 pd (10) 

For stress recommended by the Joint C^ommitteo, 1909 
j\, ^ 050 pounds ]KT S(iuare inch, ~ 16 000 iiounds per square inch 

and n - 15, substituting corresponding value for C from 

'I'alile 1 o, jiage 519, the above formulas become 

d =-= 0.02S V M 
A^ o og2d 

Tlte use of these formulas is illustrated in Fxamjile 6, page 469. 

Shills which an' conlinuous over the sujiports, such as those in a fioor or 
in a buttressed retaining wall, must be designed with jmwision for the nega- 
tive moment at the supports. I'or uniformly loaded spans conlinuous over 
2 or more intermediate supports, a moment M — 7 j may be used 

botli in the centers of the s])ans and also at the supports, while for end 
spans a moment M I'.r 7 vP is necessary. 

In jiractice to jirovidc for the moments over the sup[)orts some designers 
bend up all the bars near the { jioint, but a Ix'tter way, in order to be sure 
tliat no ])oint in tension is unprovided with steel, is to bend iij; one half, 
two thirds or three-quarters of the bars and run them over the supports 
allowing the remainder to continue at the bottom of the slab. To provide 
the rest of the steel at the siqiport, the bars in the adjoining span can be 
earned back over the supjHjrt. Wliere the bars are so long as to extend 
over several spans, they can be arrangi'd to break joints at different places, 
and so keep as much steel over lop of supjiorts as at tenter (;f sj)ari. 

'J'hc bend in the bars should be near the J points in the span, and usually 
at an angle of about 30 degrees with the horizontal. I'oo sharp an angle 
may tend to crack the slab, while, on the* other hand, they must be brought 
to the top of the slab far enough from the support to properly provide for 
the negative moment. 


(lO 

(12) 



422 


A 7 'REATISE ON CONCRETE 


Tables for determining the dimensions and loading of slabs can be found 
on pages 512 to 515 and the methods of practical computation and details 
of design are illustrated in Example 6, page 469. 

Gross Reinforcement of Slabs. Cross reinforcement, that is, bars at right 
angles to the principal hearing rods, is customarily used to prevent 
shrinkage and temperature cracks, and to give added strength. Although 
this reinforcement is not absolutely essential, it stiffens the construction 
floor and often renders expansion joints unnecessary. 

I'hc amount of steel to use for this usually is selected somewhat arbitrarily, 
a cross-sectional area of bars equivalent too.2 percent to 0.4 percent (/> == 
0.002 to 0.004) cross-section of the floors being the most usual 

practice. 

'J'he top of the slab over a girder or beam which is parallel to the 
principal reinfon ement bars should be reinforced transversely not only for 
stiffening the T-beam (see p. 443) but also to ])rovidc for the negative bend- 
ing moment produced with the bending of the slab next to the beam or girder. 
This reinforcement is also necessary even when the beam is simply a small 
stiffener. 

Computing Ratio of Steel. The ratio of steel in a slab is most readily 
found by dividing the cross section of one bar by the area between two bars, 
this area being the spacing of the bars times the depth of steel below top of 
slab. For example, a slab with steel 4 inches below the top and J inch 

round bars spaced 6 inches apart has a ratio, p =-= =0.0082, or 0.82 

per cent steel. 

Square and Oblong Slabs. Flat j)late design by the elastic theory is 
treated on page 483. A rule for ordinary cases is to require that when the 
length of the slab exceeds i J times its width, the entire load should be 
carried by transverse reinforcement. For slabs more nearly square the 
following table rejiresents the proportion of steel which should be run 
across the slab. "J'hese values, while not exact, are on the safe side. 

Stcvl in Obion Slabs 


Ratio of length to breadth of slab. 


Ratio of steel arross the slab in terms of the 
total steel. 


I 

1 . 1 
1 . 2 
1-3 
1*4 
1*5 


0.50 

0-59 

0.67 

0*75 

0.80 

0.83 
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Thus if a slab is square, the reinforcement may be placed half in one 
direction and half in the other. If the bending moment is , the rcin- 

forcement in each direction must satisfy . 'I'he total amount of rein- 

24 

forcement thus determined may be reduced 25 per cent by gradually in- 
creasing the rod spacing from the one-third point to the edge of the slab. 


DESIGN OF T-BEAM 

The quantity of concrete in a beam may be reduced when it is built 
at the same time as the slab so that there is no joint between them, by 
considering it to be a T-section, that is, computing a portion of the slab 
as acting with the upper part of the beam in compression. In Appen- 
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Fig. 132. Section of T-beam. (See /?. 423.) 

dix II, pages 754 to 756 inclusive, we j)rcsent analyses of the two cases 
which may occur, depending upon the location of the neutral axis: Case I, 
neutral axis below the slab or llange; Case II, neutral axis at the under- 
side of the flange; or within the flange. I'hese analyses are not reciuired 
for design and therefore only the working formulas are here reproduced. 

The theory of the design is similar to the theory of a rectangular beam, 
namely, that the total compression in the concrete in the upper part of the 
beam is equal to the total tension or pull in the steel at the ])ottom of the 
beam. 

In the design of a T-beam, the thickness of the flange is fixed by the thick- 
ness of slab required to support its load, and the width of flange to use is 
selected in accprdance with rules given below. The values to be deter- 
mined by computation are then the depth of the beam, the width of stem 
or web, and the amount of reinforcement. 
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The width of the skih, />, to use for the flange of the T-beam m compres- 
sion is selected somewhat arhitrarilv. In no case of course can it be taken 
greater than the distance between beams. 'The Joint Committee has rec- 
commended a width not exceeding (me~fourth the span length of the beam 
and also has limited the width to use on cither side of the web to four times 
the thickness of the slab. It is probably safe to use a somewhat greater 
ratio of width to thickness than this in many cases. 

Cross-section of Web as Determined by the Shear. The width of the 
web of a T beam is governed by the layout of the tension rods (see p. 459) 
and bv a study of the shearing stresses (see j). 446). 

'Fhe total verticid unit shear in a beam cfft-ctively reinforced with bent 
bars or stirrups, or both, is limited by the Joint C ommittee to 120 pounds per 
S(|uare inch for ordinary concrete having a comj)n>' ive strength (in cyliii' 
dors) of 2030 j)ounds per square inch at 28 days. 'This is conservative but 
was selected to })revenl the oi>eiiing of diag»)nal cracks. 

To determine, then, the area of reinforced web retpiircd for shear involv- 
ing diagonal tension, let 

0 ' - ■ breadth of llie stem, 

d — ^ - moment arm, (ho (lc})th from center of slab to steel, the 

2 

thickness of slab l)eing /. 

V - total vertical shear. 

then from bn-mula (30) for (U-termining the }n)ri;'ontal unit shear 


b' 


( 


d - 


') '■ 

2 / 120 


(13) 


That is, the area of web at any point in the l.)eam (considering this u]) to 
the middle of the slab) must not be less than the total shear diviiled by the 
maximum allowable unit sliear for the beam with its reinforcement. 

The design is illustrated in ICxample 6, page 47 

Minimum Depth of T-Beam. Thejiijnimum dej)th is the depth at which 
concrete and steel are stressed simult a ncoiHly to their working limits. It 
is governed by the compression in the flange which must not exceed the 
working compressive strength of the concrete, (^ircater depth than the 
minimum is generally used for economical reasons. 

The minimum aHowable d -pth m iy be found from the folding diagram, 
page 525. If preferred, the reclangular beam formula (i), ipage 418, may 
be used where the depti’. of the beain is not grc'alcr than four times the 
thickness of slab, using in this formula the breadth of the flange, by for 
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the breadth of tlie beam. For ratios of dcptli of T-bcams to tlnrkncs'^ of 
slab larger than four the rectangular beam fornuila gjves unsafe results and 
the formulas given in Appendix 11 , page 755, must be used. 

The methods are illustrated in Example 6, page 470. 

Economical Depth for a T-Beam. Usually a greater depth than tlic 
minimum is desirable for economy, berausc* deepening the beam reduces the 
area of steel proportionally. Professors Turneaure and Maurer'^' analy/e 
the depth for maximum economy and suggest from tliis the must economical 
values. 

Using the notation 

d — depth of 'J'-beam from compressed surface to center of steel in inches. 
t ~ thickness of llange in inches. 

6' == breadth of the stem in inches. 

M ---- bending moment in inch [xhukIs. 

/g — allowable unit tension in steel in pounds per scpiare inch. 
r — ratio of unit cost of st(‘el in [)lace to unit cost of coruTcle in place 
(using same units for steel and concrete). 


d - 


I I r M 
^ “ V f,b’ 


(14) 


From this formula the most suitable de{)th may be selected after two or 
three trial comj^ulations for different widths of stem. The ratio of costs, r, 
ranges between 3S and 75. hor cost of coiirrelef in place 20 cents per 
cubic foot, and cost of steel in ])lace 3 cents })er jK)un(l, tlu* ratio of cf^stsequals 
75, while for concrete at 40 cents per cubic fo(Jt and lo^t of steel 3 cents 
this value will be reduced to 38. In caiculalions vvli(a‘e no unit costs are 
given, a value of 60 may ])c selected for r. 

'File depth of the T beam should not be madi' too great in proportion to 
the breadth of sttmi. Many designers make the ratio of the dc])th of a 
T-bcam to its width of web between 2 and 3. For very deej) and large 
beamsa ratio of 4 may be accepted, while, on the other iiand.if head room is 
limited, the depth of the beam may be fixed and the wifllh of stem be deter- 
mined by area required for shear, so that ratio, may l^c even less than 2 

b 

Another plan sometimes followed in studying designs is to makcthcde{)th 

♦Turnraure and Maurer’s * ‘Principles of Reinforced Construction,” Second Edition, p. 238. 

•f The cost of concrete need not include lorra construction since a variation in depth affects this 
but slightly. 
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of T-beam an arbitrary ratio to its span. Comparison of a number of 
representative designs shows an average ratio of sj)an to dei)th of beam as 
about lo to j 2, wliich suggests the approximate rule to make the depth in 
inches equal to the span in feet. 

Sectional Area of Steel in a T-Beam. The area of cross-section of steel 
in tension may be obtained very closely by the following formula; 

I^t 

Ag — cross-section of steel in square inches. 

M -= bending moment in incli pounds. 

fg = all()wal)le unit tension in steel in pounds per square inch. 
d de[)th of T-beam in inches. 
t ^ lliickness of llange in inches. 

then 



This formula assumes tliat the center of com[)rcssion of beam is at the 
center of the slab. This gives slightly high n^sults for a I'-bcam with very 
thin tlange in proportion to the dimensions of the web, and too low results 
for a shallow 'r-heam with tliick flange; ordinarily the error is so slight as 
to be inappreciable but if d is less than 3 1 use formula (4), page 418, taking h 
as breadth of beam. I^'orrnulas for more exact computations or for review- 
ing T-beams are given in Appendix 11, page 749, and quoted below* It is 
recommended that an inexperienced designer check his results obtained by 
a[)])roximate formulas by the more exact ones. 

From the diagram, j)age 525, the area of .steel maybe obtained directly 
and comparis<ms made between different designs. 

Details of Design. The design of a T-beam must also be studied for 
shear reinforcement (sec p. 448), bond of steel to concrete (see j>. 456), and 
especially for the design at the support, which must be adapted to the nega- 
tive bending moment (sec ]). 4218). 

The examjde on page 470 illustrates the use of the formulas and the princi- 
ples of design. 'Fhc selection of bending moments is treated on page 439. 

♦ Let kd — depth of neutr.il axis; n =» ratio of elasticity; b = breadth of flange; outside 
fibre compression in coricrett*. Then, 

2 nd Ah + h /- T, kd - z t t M M kd 

znAs + 2 61*“ z kd — t 3 ^ i» Aajd* ht {kid ki) jd 
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BEAMS WITH STEEL IN TOP AND BOTTOM 

Although concrete is always cheaper than steel to use for compression, it 
is frequently desirable to place steel in the compression as well as in the 
tension side of the beam. In a continuous beam, for example, the steel is 
carried horizontally into the support and may be figured with the concrete 
to assist It ill taking the compression provided its length is sufficient to 
provide bond. 

Analysis of the design with steel located to take compression and tension, 
with no tension considered in the concrete, is jiresentcd in Appendix IT, 
page 757. For convenience, the diagram, h'ig. 133, is here reproduced, 
and the working formulas arc given. 



Fig. 133. Resisting Forces with Steel in Top nnd Bottom of Beam. {See 

p. 427 and p. 757.) 

I^et 

b ~ breadth of beam in inches. 

d = depth of beam from compressed surface to t iMUer of steel in 
inches. 

a — ratio of depth of compressive steel to depth of beam. 
p — ratio of cross-section of steel in tension to cross -section of beam bd 
above this steel. 

p' = ratio of cross-section of steel in compression to cross-section of beam 
above the steel in ten.sion. 

== unit compressive stress in outside fiber of concrete in lb. per sfj. in. 
^ unit tensile stress, or pull, in steel in lb. per .sq. in. 

— unit compressive stress in steel in lb. ];)or sq. in. 

M ~ moment of resistance or bending moment in general in in. lb. 
Cg, C„ C/ = constants from Table 8, pages 516, 517. 

The location of the neutral axis varies greatly with the location and the 
area of the steel, so that an approximate formula cannot easily be made. 
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The allowable stresses must not be exceeded either in the concrete or the 
steel. The bending moment, therefore, must not exceed the moment of 
resistant e of the ccmcretc and the steel and the beam must satisfy the equa- 
tions (see p. 757 for derivation): 


M =f,hd?C, 

(17) or 

1! 

(18) 

M = C, 

(19) 

11 

(20) 


These formulas may be solved readily by introducing values of or C, 
from the table on i)agc 516. The constants are dependent uf)on the values 
of p, p', a and n and therefore vary with the reinforcement of the beam. 

The working strength of the steel in compression cannot be rt*achcd with- 
out exceeding the compressive strength of the concTcte in which it is im- 
bedded, but, if its value is desired, it may l)c determined from the formula 
(39), page 759, which, with the substitution of cy for the square brackets, 
becomes 




M 

b<PC\ 


(21) 


The value of C/ is obtained directly from the table on j)age 516. The use 
of the formulas is illustrated in ICxamplc 6, page 470. 


DESIGN OF A CONTINUOUS BEAM AT THE SUPPORTS 

The formulas and table just given for a beam witli steel in top aivl bottom 
are of the greatest value in designing the ends of a continuous beam. 

A number of concrete buildings have been built in the j)asl with beams 
having insulTicient steel through the top of the supj)orts to take the pull and 
insuflicicnt concrete at the bottom of the ends of the beam to take the compres- 
sion, and when these have been loaded as designed, cracks, and in many cases 
serious ones, have occurred at the supports. Just as much care, therefore, 
is necessary in designing the end of a reinforced beam as the middle. 

The tendency to overstress the supports is due to the T-bcam design. 
In the middle of the T-beam the slab takes the compression, but at the 
support, the com])rcssion being in the bottom of the beam because of the 
negative bending moment, there is only the web of the beam to resist it. 

In designing, a slightly higher compression may be allowed in the con- 
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Crete at the end than at the middle of the beam, using 750 pounds |>t‘r 
square inch for 2 000 pounds concrete instead of 650, (see page 5.^8} 
l)ec<'iuse the negative moment decreases so rajjidly tliat only a sliort section 
is under maximum stress. Besides this, the steel in the lower part of the 
beam (if sufiicieiilly bonded to the concrete) may be reckoned in compres- 
sion by the formulas just given. If this is not sulbcient to fullill the require- 
ments, the lower surface of the l)carn near tiie sup])()rt may be dropped so 
a 5 '. to form a llat haunch. 

By ])ending up half of the horizontal steel in the beams on each side of 
the siq)])ort, ami <'arrving it acn)ss over the su})port, la|)ping far enough to 
attain its full strengtli in bond, the tension in the top of the suj)])ort will be 
provided for, since this gives the same tension steel as in the center of the 
beam. If desired, the sln*ss, in the steel may be hgured frcmi formula 
(20) above. 

Although bond tests with hooked bars (j). 467) indicate that a right angle 
5 diameters in length or a scmii cin ular bend of similar length, j)ro])erly 
imbc'dded, will devc-lop the elastic limit of the stc;el before giving way, it 
is the safest i)lan in ordinary ^ onst ruction to n*ly u[)on a straight lap of the 
rcMjiiired length (sc'e j). 46.1). flowTiver, where this is impossible, as at the 
wmH lino in a ])uilding, or in a retaining wall, the eltecliveiie.ss of the hook 
permits thorough bonding of the* mt'mbers together. 

Since the bending moment is a maximum at or near the center of the 
sup])orl, the inoment at the edge of the su]>port is slightly less and it is, 
therefore, frequently w'orth while to recompute it or estimate it by curves 
on })agc 436. 

If com])ression in conc rete* at the* bottom of the* member as obtained by 
formula (uS), p. 428, exceeds the working strength, the steel in the 
bottom of the lieam or else* the concrete; or both must f)e incrcxiscxl in 
area. The sim[)lesl jilan in most case's is to make* the beam (leei)er iu;xt 
to the suj)j)ort l)y forming a llat hauiic h. Whc*n this is not ])c rmi^sible, 
extra horizontal stcrl may lie inserted instead. While* the forms for this 
haunch are somewhat Iroublcsomc to vonstruc t, their ('C)st for beams and 
girders of usual size should not exceed 25c. to 50c. each. 

The amount c^f increa.^ed dej)th rc'cjuirc'd may Ik* obtained by trial from 
formula (r8) above, assuming a newdepth, and then walh the aid of the table 
on page 516, determining whether the eoiiditions arc as s])cciiled. This is 
illustrated in the example on jinge 472. 

Under, ordinary conditions the comjnitation need be made only at one 
point, that is, next to the supjiort, .since the j)oint to end the slope can be 
readily figured from the following formula: 
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For a uniformly loaded beam, let 

= negative bending moment next to the support. 

moment of resistance of tlie inverted T-beam without the haunch, 
governed by the concretc. 

X = length of haunch. 

/ = span of beam. 

Then 


I 

2— ^ (approximately)* 


(22) 


An illustration of the use of this formula is given in lOxample 6, page 472. 


EFFECT OF VARYING MOMENT OF INERTIA UPON THE 
BENDING MOMENT 


However the bending moment may be computed, if the beam is built 
continuously witli the next bay, pull or tension is bound to occur over the 
sujiport with compression at the bottom of tlic beam. 7 'he assumption is 
sometimes made that if the middle of the beam is designed as freely sup- 

ivP 

ported, that is, on a liasis of , the supports will be relieved and a read- 


justment will take place. This is only partially true, and usually should 
not be counted upon in design. 

The assumption of reduced bending moment at the support is based on 
the smaller moment of inertia at the support, but a thorough study by the 
authors of different conditions shows that a very large difference in the 
moment of inertia, as great a difference as it is possible to have in any ordi- 
nary door design, causes a reduction in bending moment of less than 10% 
and under most conditions the reduction is even much less than this. Con- 
sequently a beam at the support should be designed, as suggested in the 
preceding j)aragraph, for the full negative bending moment as required by 

the formula . 

12 


* This formula is based upon the fact that the point of zero moment is at approximately J of the 
span, and from the curves of bending moment on p. 436, it is evident that the variation in the 
moment between the support and the ? point is very nearly a straight line. Hence the difference 
between the bending moment and the moment of resistance is in approximately the same ratio to 
the bending moment as is the ratio of the distance from the point where the haunch is needed to 
the point of zero bending moment. When the point of zero moment is not approximately at \ span 
the fraction may be altered accordingly. 
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SPAN OF A CONTINUOUS BEAM OR SLAB 

It is customary to consider the span of a continuous beam or slab as the 
distance between the centers of its supports. In general this is the simplest 
plan to follow and one which is always on the side of safety. If the support 
is exceptionally wide, as when a slab runs into a wide beam, or a beam or 
girder iiito a large column,* an arbitrary length of span may be taken, if 
desired, as the net span between supports plus the total depth of the member 
which is being designed. I'he maximum negative bending moment may 
be considered then cither at the center of the support or, if the width of the 
support is greater than the depth of the member, at a point within the sup- 
port equal to half the depth of the member. 

DISTRIBUTION OF SLAB LOAD TO THE SUPPORTING BEAMS 

If slabs are reinforced in both directions, the loads carried to the beams 
sui)porting them will not be uniformly distributed over the length of the 
beam, but may be assumed to vary in accordance with the ordinates of a 
triangle. 

Assuming that the .slab transmits a load to its nearer support, we have 
the follo^ving formulas for determining the moment to use in computing 
the long and the short supporting beams. 

Let 

1 1 = the longer si)an of a rectangular slab in feet. 

“ the .shorter span of the .slab in feet. 
w “ load per linear foot of beam if the slab is considered as supported 
by longer beams only. 

Ml = bending moment in foot pounds of longer beam. 

M ^ — bending moment in foot pounds of .shorter beam. 

Then the moments of the two beams, assuming them as freely supported, 
arc found by the application of simple mechanics, to be 

“ 8 ” 3 7 ) ( 8 ) 3 

For continuous or fixed beams the fraction ^ may be changed to its proper 
ratio. 

Formula (24) does not apply to girders supporting one or more beams. 
This case is treated under the heading which follows. 

* The deflection and the bending moment of a member are changed as soon as it enters the tup- 
port because of the change in the moment of inertia. 
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Example 2: What will be the bending moments in the two continuous 
bccirns supporting an oblmig panel tlic whole leii‘‘th of which is twice the 
breadth and whn.li is reinfurced so as t»> transmit its load both ways? 

Solution: Using for the continuous beams instead of i wl'^ and 

substituting: 


MounMit ill longer beam, Ml — ^ ^ ^cl~ 


II 2 

^ //2 / ' 144^^ 


in terms ot the longer si)an, and 


Moment in ‘;horter beam, Ma ^ 


DISTRIBUTION OF BEAM AND SLAB LOADS TO GIRDERS 

When one or more beams run into a girder, the load Ujxni the girder eon-* 
sists of the ('oneent rated li\e and dead loads from the beams acting at tlieir 
''points of intersection with the girder, the uniformly distributed weight oJ 
the girder its(‘lf, anil the unsymmctri( ally distributed weijdit of a small j)or 
tion of the floor slab, witli its live load, which bears directly upon the girder. 



Fig. ’^34. Oistribution of Beam and Slab Loads to (order. {See p. 432.) 

To avoid the comjnitation of several moments, a series of studies have 
been made by the authors for different conditions, and it has been found 
that the maximum bending moment of a girder may bi‘ obtained without 
apjweciable error by considering, as a uniformly di.stributrd load, the weight 
of the girder [)hrs the weight of slab and its live load, for an area W’hose 
length is the length of the girder and whose width is the average length of 
the beams running from each side into the girder. 1’he sum of these loads 
divided by the length of the girder gives a uniformly distributed load for 
which tlie ordinaiy formula m:iy be used. 

Thus in Fig. 134, instead of computing the moment bn the girder as the 
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sum of the moments produced by loads of the triangles, a b c, plus the con- 
centrated loads from the beams 4t c, the entire load d d d d may be 
considered as uniformly distributed over the girder in the length a a. 

With only one condition is there an appreciable variation from the exact 
maximum moment, and this is a case where two beams run into a girder at 
the one third points. Here the maximum moment obtained by the uniformly 
distributed metliod gives slightly too conservative results, and may be 
reduced by 10%. 

Moments in a girder other than the maximum must be ('omputed for 
individual conditions. 


BENDING MOMENTS AND SHEARS 

Bending moments and shearing forces have to be romj)utcd .so frequently 
in reinforced concrete design that tlu' more common rules and formulas 
are given here, and besides this elemental matter diagrahis are ])rcsented 
for estimating the moments and shears in various kinds of loatling, and 
recommendations arc made for the com])utation of bending moments in 
design. Shear and diagonal tension in beams are taken up at length. 

Rule to Find Reactions at Supports. 'I'he reac tion at a sup[)ort must be 
found in order to determine the bending moment. 1'hc sum of the upward 
forces, which in ordinary beams arc the rc'actions at the suppe^rts, is equal 
to the sum of all the downward vertical forces or loads. In a simple ]>eam 
SLipportc'd or fixed at the two ends, the reaction at either end is found by 
taking moments of all fc:»rccs about the other support and solving fur the 
reaction de.sircd. 

Expressed as a formula, if 

R desired reaction. 

P --- any vertical load. 

I -= span. 

X — distance of load from the suppcM at which the reaction is desired. 

JT ~ sum, using — for downward and -p for upward forces, then 


Example 3; In Fig. 135, where there is a uniform load over the entire span 
and also concentrated loads Pi = 200 and P, » ^^50 at the points, what 
is the left reaction? 


Solution: R 


(200 X 8) H- (3';o X 4) + (100 X 12)6 
^ ^ =850 pfjunds. 
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The determination of reactions and moments of continuous beams is 
referred to on page 439. 


P 2 - 35 O LB. 


UNIFORM 


12 FT - 

Fig. 135. Beam Loaded with Distributed and Concentrated Loads 
{See pp. 438 and 439.) 

Rule to Find Bending Moment at Any Point in a Beam. Consider either 
side of the vertical section passing through the point and disregard the other 
side. Multi])ly each load and reaction by its average distance from the 
section and add the jinxlucts, taking loads ac ting downward as negative 
and those acting upward as positive. 

This sum is the bonding moment at the section. 

Moments in English measure arc usually taken in inch-pounds. Hence, 
the distance must be in inches and the weights in pounds. 

Example 4: In Fig. 1 35, what is the bending moment in inch-pounds at the 
middle of the span? 

Solution: M ^ (6 X 12)— Pi (2 X i2)~(ioo X 6) X 3 X 12 — 34 8ooinch 

pounds. 

Rule to Find Shear at any Point in Beam. Consider cither side of the 
section passing through the point and disregard the other side. Add the 
loads and reactions, taking tlie loads acting downward as negative and 
those acting upward, such as a reaction, as })ositive. The sum is the shear 
at the section. 

Example 5. In Fig. 135 what is the shear at the left support and at the 
center ? 

Solution: P, -== 850 pounds at left support and at the center the shear is 
P,— P — (100 X 6) =50 pounds. 

Table of Common Bending Moments and Shearing Forces. The fol- 
lowing table for convenient reference gives values of the shearing forces and 
bending moments for ct)mmon cases. 'Fhe values for external forces are 
independent of the structure of the beam. 


K ^4 FTr 


LOAD 


100 LU. PER FT. 


R.' 850 LB. 
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Bending Moments and Shearing Forces.* 




1 

1 


Shearing Force. 


Bending .Moment. 

Description 

Loading. 

. Section 1 
Considered, j 

At distance 


At distance 






X 

Greatest. 


X 

Cl^eatt‘.^t. 


; 

1 from support. 

1 


from support. 


Beam fixed' 

At end 



w 

W 

W (1 - X) 

Wl 

at one end, 








: 

2 

unpiipport- 
ed at other.. 

Uniform. 

! W 
: 1 

('-’>) 

W 

2I 




' Between 
support 


w 



W 

i 



and 


2 



2 ^ 



At 

middle. ^ 

middle. 



W 



j Wl 






2 



4 



Beyond 


w 


W 

/ \ 

j 



middle. 


— — 



I ~x 


Beam sup- 1 



w 

2 


2 

\ / 

I 

ported at j 

Uniform. 


v'i 

w 

w / 

\ 

Wl 

both ends. ! 



1 


2 

21 ( 

lx - X* j 

8 



' Between 
support 

W (1 - a) 

W (I - a) 

W (1 - a) 

. X 

; 



and load. 



] 


1 

' 


At dis- , 
tance a ] 
from 
, support. 

Beyond ; 


Wa 

1 

i Wa 

Wa 


Wa(I~a) 

I 

j 



load. 


1 

' 1 

1 



I 


*\Y total load; 1 -■* span; x =■ distance of section considemi from support. If moinonl is in 
ineh pounds, 1 and x must lie in incho.s and W in pounds. If load is distributed so us to be 
in terms of weight ijer unit length, substitute wl for W in the formulas. 


Table of Moments of Inertia. I’he table on page 438 gives the moment 
of inertia for beams of a few sections whicli might be used in concrete con- 
struction. I’he reinforcement, if any, maybe considered as replaced by an 
area of concrete which is the area of the steel times the ratio of elasticity, 
n, and is located at the same distance from the neutral axis. 

SHEAR AND BENDING MOMENT DIAGRAMS 

The diagrams in Figs. 136 and 137, pages 436 and 437, give bending 
moments and shears for beams continuous over four spans. In diagram 
136, various distributions of uniform loading arc given; in the first place, at 
the top of the page, with all the spans loaded and ends fixed; next, all spans 
loaded and the ends supported; and below these curves, different spans 
loaded in such a way as to produce maximum and minimum bending 
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Pio. 136. — Bending Moments and Shears for Continuous Bhams, Distributed Loads. 

{St* p. 43 S.) 


SUPPORTED SUPPORTED 
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moments and shears. The cases chosen are sufficiently representative to 
be used without ai)preciable error as maximum and minimum values for 
beams of any number of spans and any distribution of uniform loading. 

As stated with the diagrams, the curves are all drawn to scale on cross- 
section ruling so that proportionate values may be read. The loads are 
given in term-' of tlie load per unit of length. The horizontal scale has 
twelve divisions per span, so that the moments and shears can be readily 


RSilllS! 




i&9iiSSI 


litfj 


P10.137. — Bending Moments and Shears for Continuous Beams, Concentrated Loads 

{See />. 437 -) 



estimated at i, J, and ^ points. The values which are [)rinted for the bend- 
ing moments are in common fractions for convenience of comparison, 
although in order to scale them they must be changed from the common 
fraction to a decimal. Kach vertical division for the bending moment 
scale represents 0.0 1 and for the shear scale represents o.i. Bearing this in 
mind, the bending moment and shear can be scaled at any part of the 
span. 

Concentrated loads are treated in Fig. 137, the loads being located at the 
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Moments of Inertia. {See p. 435.) 


Figun^ 
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♦Applicable only lo honioRcueoua (not lo reinforced' beaits. 
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quarter points, middle points, and third ptnnts respectively. This diagram 
is of special use in studying girders sup])orting cross beams. The strt'sses 
arc computed for a beam of four spans and as the curves are symmetrical 
at each end, the diagram is broken in two, one-liali being sliown with fixed 
end and the other half with end sup])orted. 'The results \\ith a larger num 
ber of spans ‘.u’ll not be a]i|)rcciably different. 

The vertical scale for concentrated loading is 0.05 per division for bend- 
ing ]aoments and 0.2 per division for shears. 

The concentrated loads are given in terms of IT, the load which is con- 
centrated at each point. 

'J'hc continuous beam is statically indeterminate, so that the moments 
and reactions have to be found by the theory c>f llcxure, using the form- 
ula of three moments first evolved by C’layperon/ 5 ' 

In applying this to the various rases, the assum])ti«)n is made that the 
moment of inertia of the beam is eonstnnl lhn)Ughout its l(*ngth. While 
this is not strictly true, extensive studies of various cases in reinforced con- 
crete show that a large cliange in the moment of inertia makes a v'cry small 
cl' ingc in the bending moment, so th;it the relations are substantially 
correct until a iiKunber enters a much larger member. 

BENDING MOMENTS TO USE IN DESIGN OF REINFORCED BEAMS 

An examination i)f the curves in the diagram of bending mc»ments for 
different loads, J-ig. 13U, page 436, indiiates that in comrt'le beams built 
continuously it is safe to use for the [)osiii\e bending monaait in lh(‘ center 
of the beam, e\cej»t for the end sj)ans, and also for the negative bending 
moment at the ends of the l>cams, 


M -- 

12 


and for end spans, for the center and also for the adjoining sui)port 


wP 

M = 

10 

the customary American and English units being adopted, viz: 
M = bending moment in inch pounds. 

w = load uniformly distributed in pounds per inch of length 
/ — length of beam in inches. 

♦See Lanza’s "Applied Mechanics.” 
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In case the load is in |)oiin(ls per foot of length and I is in feet, the moment 
in inch pounds to satisfy the former equation is simply the product of the 
load ]>er foot limes the si]juare of the length in feet. 

"Jlic value of ' for the bending moment has been widely adopted in 
12 

Continental luiro])e, is being used in general })ractice in Germany, and is 
recommended in the i()oq recommendations of the American Joint Com- 
mittee and in the igoy French rules. However, it is absolutely neces- 
sarv, wh<‘n <lesigning by this formula, that the beam be really con- 
tinuous both In design and construction; that the stresses due to negative 
bimding moment at the supjKn’t be provided for: lliat the steel be accurately 
localcil; and that, to obtain the best worknianshij), the concrete be laid by a 
responsible builder and sujuTintended by a man experienced in concrete 
( oust ruction. 

An (‘xamlnatioii of the diagrams referred to will show that under these 
(onditions the value is (on .ervati^^*, since a imifortnly distributed load. 


except in the end span does not excee I and the worst panel loading 
shown for the middle of a span gives 

| 2.5 

Many of llu' building laws in the United states, to jwovide for the pos.si- 
bility of poor ('onstrui lion or unforesetai tondilions, give the morci (onserva- 
tive figure, 


uP 

}[ -- 

lO 


(26) 


and for this reason and also because other .issiimjjlions may be made by 
multiplying by a decimal, this value is used in many of the tables in this 
book, and in fait it is aihised for constructors who are not thoroughly 
familiar with reinforced concrete. 

The same diagram, Idg. i;^6, shows that the negative bending moments are 
usually greater than the moments at the middle of spans. However, partial 
floor loading greatly reduces the negative moment, and as a live load is 
scarcely ever uniform over Iw^o full panels, it is considered safe to luse the 
same value for negative moment as is u.sed fi'-r the jK)sitive moment in the 
center of the bciirn, that is 



(27) 


At the end support, the beam, if it runs inro a colufnn or heavy wall girder. 
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may be practically ‘Mixed” and thus rtupiire top reinforcenieiit for the 


negative moment, 


uE 


12 


, and the nxls running into the support must he 


bent or otlierwise anchored. Sometimes, if the slab lias cross reinforcement 
running into the Avail girder, it may lie assumed to assist in connecting the 
beam and girder. 

Some designers, in making more exact computatuins, separate the dead 
and live load, (onsidering the dead load extendtal oact all panels and lind- 
irig the most unfavorable jiosition for the live load. Tnless the live load is 
a very exact (piantity this is needless refinement. 

Bending Moments for Independent Concentrated Loads. If the princi- 
j)al live loads on a b(*am are com eiitrated, as they often are upon a girder 
bridge, th(‘ moments and shears at all }>nints must be sj)eiially comimted. 
For occasional concentrated loads in connection uith uniform live and dead 
loads, and for loads jiroduced by bc\ims running into girders, it is suggc'sted 
that the maximum moment under the load bc‘ ('omj)utecl as if the beam or 
girder was suj)ju)rted, and this be rc'diiccHl by the same ratio u.sed in the 
distributc'd loading. 'I'hus, since the maximum moment lor aconcentratc'd 
load at the middle' of a supported bcxim is j IfV, if is used in distributed 

loading instead of the recpiired forasupportc'd beam, of ^ HV, or 
may be usc‘d for c onc caurated center loads. Hic' negative bending moment 
with conc entratc'd loading usually may be taken the same as the maximum 
jio.sitivc* moment clue to c one eniralc'cl loading, rediu ed as indicated, exc ept 
that with loads at \ or J points, this givc*s for the su])j)(»rt next to the end a 
negative moment which is slightly hwv (see diagram, fig. page 4.^6), 
and in some c ;isc‘s it should be* .sc'[)arately figured or else c'slimated from 
this diagram. 


SHEARING FORGES IN A BEAM OR SLAB 

The bending of a beam produces a tendemey of the particles to slide upon 
each other or shc'ar. It is therefore nc-cessary to study 

(1) Vertical shear. 

(2) Horizontal sluair. 

(3) Diagonal tension. 

Most important c^f all is the resultant of the shearing fon es wath the tension 
which produces the [)ull in a diagonal direction termed diagonal tension. 

Vertical Shear in a Beam. Concrete is strong in dirc'cL shear (see p. 382) 
and capable of standing a working shearing stress of at least 200 ])ouDd« 
per square inc h, so that a concrete girder or beam or slab, unle.ss perhaps 
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of hollow or ta[jercd roiislriK lion, always lias sulTirient area of section to 
withstand direct shear. Howi'ver, .siiKe the direct shear is a measure 
of the diagonal tension (see )). 44t'>), whkh is excessive when the direct shear 
is comparatively low, it must always he computed in a. beam or girder for 
use in the < omputation of diagonal stresses, as rlescribed (Ui pag(; 447. 

'I'he vcrtii al shear is a ma\imum at tin* support, whtTe it is ecjual to the 
reaction. Maximum shearsfor various loads an' given iji the diagram (Fig. 

terms of the loads. Whilt* with uniform or symmetrical 
loading tlie rea<'tion, and tlierefore the maximum verliial siiear, is one-half 
the total load ujion the beam, it will be noticed from the diagram that wlicre 
the end beams in a series of ('ontiniiou^ btsirns are supported, whi< h is very 
nearly tlie case when a ]>eam runs into a light wall girder the shear at llte 
first suj)port awaiy from the end may be .>5 ])er tent grcxiler than normal, 
and should be sjua ially jiroxided for in case.s like a warehouse where the 
full live load is liable to be lonstantly maintaini'd. .V further study of the 
tw'o <liagrams (Mgs. ’.36 and 137, pp. 4 and 43;) will illustrate the cases 
where allow^ances should be made. 


'r i 

r; '' />’* 

- 

ca 
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A 



^ 1: . 




h’'i(;. I ^S.— Section t)f a T- 13 eam (>et? p. } 1 > ) 

In case the ionende in a beam or slab has i rac ked \erti(a]ly next to tlic 
suppoit because of a<.udeut or potir design, the la'aring value of the hori 
zontal rods may have to be estimahsl. 

Longitudinal Vertical Shear in Flange of T-Beam. Wrucal shear in 
a longilinlinal direction is jiresent in ilu' wdngs of a 4 ' beam due to the 
load u[)on a lieam being maximum next to thellange, as shown by lines BA 
in Fig. 138. 

'The area of concrete in a solid horizontal lloor slab is generally sufheieut 
to take care of this shear, but the follow ing method iiiay be used for comput- 
ing it if desireil: 

I^et 

unit horizontal shear at A A, 

-= ujiit vertical shear at BA 
b' - breadth of stem. 
b ^ breadth of llange. 
t = thickness of tlange. 
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The shear along the two ])lanes BA may be considered as caused by the 
external forces acting not on the whole breadth, but only on the projecting 
tlanges of the d’-beam BL\ 

Then it is readily shown* that 


V 


V 


2 tb 


(28) 


Although this vertic al shear through the llanges is readily borne by the 
concrete, it is advisable', as ^^tated on ]»age 42 j, to ‘place horizontal rods across 
the top of the beam, even if tlic bearing rods in tlieslabrun parallel to the 
beam, in order to resist unecjual bending moment which is liable to occur 
and to assure 'F-bt'am action. 

Fillets at the angles between the ilange and tlie beam, that is, between the 
slab and the ])eam, an* Jiot theoretically neci'<sary, but they may b(‘ used 
for appearance sake and as an additional security in a deep beam with 
relatively shallow llanges or slabs. Small fillets are also advisable to aid in 
the remoN'al of forms. 

Horizontal Shear. Tlie concrete in a solid rectangular beam or in a 
'F beam is nearly always sulhcierit to sustain the d’n'Ct hori/.oiital shear 
which at any part is ecjual to the direc t vertical shear. In a skeleton beam 
the horizontal shear may be exec'ssive, but the reinforcement for diagonal 
tension will also take c are c^f this, .so that the* din*( t horizontal shear as such 
need never ije con aderc'd. I'ormerly, be fore tests of dirc'ct shear proved the 
high strength cif cone rete in shear, horizontal sliearing stres.s was di'termined 
when dc'signing a l)e‘am and the vertical stirrups or Ix'ut up rods wercj spaced 
to ac't in shear, using a value of 10 000 pounds per .s<|uare inch in the steel 
to resist it. More recent tests ha\e [>rovc‘d the stirrups and bent Uj> rods 
to be in lensitai instead of sliear. 

Diagonal Tension. Not only does the high strength of concrete in direct 
shear indicate that cracks wdiich form in the web of a beam are not caused 
by this, but tests of beams them.selves show that such cracks are diagonal 
and in the direction which would be e.xpected from the theory of diagonal 
tension. A typical crack due to diagonal tension is shown in F'ig. 139, page 
444 - 

Such cracks as these can be due only to a combination of the shearing 
stress with the horizontal tensile strc.ss, whose resultant forms diagonal 


♦ The above principle may be expressed by the equation w 2/ -• 
will give formula (28). 


h-}/ 
b ’ 


which solved for w 
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tension. It is this diagonal tension which must be sustained in a reinforced 
concrete beam by the area of concrete or by bent up rods and stirrups, as 
indicated in paragraj)hs whicli follow. 

Tests by Prof. Talbot* and Prof. Witheyf indicate that for 1:2:4 
cimcrete the first diagonal crack in a licam without stirrujis or inc lined rein- 
forcement is a[)t to occur wlien the maximum shear is from 100 to 200 
pounds tier scpiare \nc\\. Since failure by diagonal tension is sudden, it is 
advisable to jirovide a high factor of safety. In a beam with diagonal 



Fig. — Beam under Load at University of Illinois Cracked by 

Diagonal Tension. {See p, 44. v) 


tension reinforcement, thcTirst diagonal crack occurs at a period but slightly 
later than in a beam with horizontal rods alone, but in this case it is very 
small and not dangerous if the steel is designed to take the stress. However, 
it is desirable that there should be always a sufficient area of concrete, even 
when reinforced, to prevent the diagonal tension from exceeding the crack- 
ing point in the concrete. 


♦Bulletin No. 12, University of Illinois, 1907. 
f Bulletin of University of Wisconsin, Vol. 4, No. i, 1.907. 
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REINFORCEMENT TO PREVENT DIAGONAL CRACKS IN BEAMS 


The failure of a heam from diagonal tension is more sudden than from 
ordinary tension or compression, and therefore must be guarded against 
even more carefully. T’ormerly when beams were designed with full rect 



Fii;. 141. — with Hn*aU ICiul, ilhist rating A(‘t i«>n « >t \'crlical Stirrxip. 

i\ 4 JO.) 



Fig. i42.~Beam with Break near Knd, illustrating Action of Inclined Rotl, 


{See p. 4 p'j.) 

angular section the concrete often had suflicient area to resist the diagonal 
tension without a.ssistance from the reinforcement. With the advent of 
the T-section and the consequent reduction in the width of the stem, it 
nearly always becomes necessary to introduce stirrups or inclined rods to 
take the diagonal tension. 
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An elementary illustration of the action of the stirrups or inclined rods 
is shown in Figs. 140 to 142, page 445. In Fig. 140 the uniformly loaded beam 
is cut through in the middle, leaving simply a compression block at the top 
and tension rod at the bottom. 'I'here is j[)ull in the rod at the bottom but 
no shear or tendency for one side of the section to slide upon the other. In 
Figs. 141 and 142, on the other hand, where a .section of concrete idilCjP is 
cut out nearer the end of the beam (this btdng cut in a diagonal direction to 
illustrate better the etT(‘ct of diagonal tension) leaving a compression block 
AB at the top and a rod CO at the bottom, the load to the left of the Ineak 
being heavier will tend to droj), and this downward force or shear, combint-d 
with the j)ull, may be resisted either by the vertical rod BC \ Fig. J41, or in 
Fig. 142 by the iiu lined rod A’F. 

Computation of Shear and Diagonal Tension. Beams may be designed 
snfe against diagonal lenMim failure by applieation of tlu' formula for shear 
given below, becaii.se the shear may be taken as a measure of the diagonal 
tension.* A working stre.ss for shear is therefore selec ted ha.sed, not upon 
tests of direct shear, but ujjon tests where the failure was by diagonal tension. 

ih-of. 'Falbot in the analysis of shearing stressesf in a reinforced concrete 
beam has j)resent('d a formula for the unit sliear at any point in a beam 
which is a very close a[)proximation. 

Let 

V — total shear. 

V -- unit shear. 

h " breadth of beam. 

h' - breadth of \\(‘b of d'-hcam, 

jd " de])th between center of compression and center of tension (a]){>roxi- 
mately, in a 'V beam, di.stanee l^etween center of slab and steel). 

♦ TIk' rfl.iiion between the slusir, as ilcterniincd by the above formula, and the diagonal 
tension vane*: with the horizontal forces. From Merriman^s Mechanics of Materials,” p. 265 
1905 edition, 

If 

f ^ *=» diagonal tensile unit stress. 

/' « horizontal tensile unit stress in concrete. 

T> •== horizontal or vertical shearing unit stress. 

Then 

I / 1 

"" 2 + \ 4 f'e^ -f v" 

The direction of this maxnnuin diagonal tension, as Prof. Talbot points out, makes an angle with 
the horizontal equal to onc 4 ialf the angle whose co-tangent 15 . * ^ . If there is no tension in the 

2 o 

concrete the last formula reduces to j » v. The maximum diagonal tension makes an angle of 

d 

45 degrees with the horizontal and is equal in intensity to the vertical shearing stress, 
f Bulletin No. 14, University of lllmois, 1906, p. 20. 



REINFORCED CONCRETE DESIGN 


447 


Then 



or fora T-beam, y = (30) 

b jd 


That is, at any section of a beam, the unit shear, cither vertical or horizontal, 
is the total shear at tlie sei tion produced by the loads divided by the product 
of the bre.'idth times the moment arm. 

The Joint (Committee recommends that beams be reinforced against 
diagonal tension whcai the shear exceeds a limit of 2 per cent of the com- 
pressive strength at 2cS days or 40 pounds for 2000 jK)unds concrete. I'he 
laws governing the internal stresses in a beam with a reinforced web are 
not yet clearly delined, but it is establishc'd that a comparatively small 
amount of reinforcement by bent-up bars ap])recial)Iy increases the strength 
of the beam and, therefore, where a part of the horizontal rcanforcemcmt is 
bent up in a .scientilic manner and arranged witli due respect to the .-hear- 
ing stressc's, a value of 3 j)er cent of the strength at 2S days, or, for 2 000 
pounds concrete, 60 j)oiinds ])cr sciuare inch may be allowed.* 

Since tests, however, show that web reinforcement can be introduced to 
increase shearing rc;sistance to a value at least tliree times as great as when 
thci bars arc all horizontal, for beams thoroughly reinforced for shear a 
limiting value based on the section of the beam of 6 per cent of the slrcmgth 
at 28 days, or 120 pounds for 2 000 f)ounds concrete, may be used. 

In calculating web reinforcement, when the total shear is limited as above, 
the concrete may )h* counted u]K>n as carrying ^ of the shearf that is, for 
concrete having a crushing strength of 2 000 ]K)unds at 28 days, 40 pounds 
per square inch may be allowed on the (oncrelc* and the balance of the 
shear taken by the reinforcement. 

Following these recommendations of the Joint ('ornmittee and assuming 
that the distance between centers of rompreiisicm and tension, yV/, is a]>j)roxi- 
mately Id: 

V 

a. Stirrups are required with horizontal bars only when is greater 

hd 

than I (40) = 35 - 


h. Sdrrups are required in rectangular beams where a part of the hori- 
zontal reinforcement is bent uj^ and arranged with due respect to the shear- 

V . 

ing stresses (but not computed as taking diagonal temsion) when -- is 

u(t 

greater than 52. 


* This is an arbitrary assumption based on observations of experiments by members of the Joint 
Committee. 

f Although it might be expected that the concrete, since it is a.ssumcd to have no tensile value, 
should not be a.s.<!umed to assist in carrying diagonal tension, tests by Prof. Withey at the University 
of Wiscoasin (BuUetin> Vol. 4, No. z) indicate that the rule given is amply safe. 
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c. Since total shear should not exceed 120 pounds per square inch, bd 
should not he less than ^ . 

For T-bcaras the same rules apply except that only the web of the beam 
is elTcctive; hence, b' must be substituted for b. 

Vertical and Inclined Reinforcement. When the allowable working 
strength of the concrete in shear, as indicated in the preceding paragraphs, 
is exceeded, wel) reinforcement must be introduced. This may consist of 
the bent up j)ortion of the liorizontal bars or of inclined or vertical members 
attached to or looped about the main reinforcement. Where inclined mem- 
bers are used, their c(;nnection with the horizontal reinforcement must be 
such as to insure against sli[j]jing. 

Let 

. L cross sectional area of ])ars of a vertical stirrup. 

1’, Vi, Fs = total vertical shear at different sections. 
v' = allowable unit shearing stress (or diagonal tension) in concrclt‘ 
alone. 

X = distance between any two stirrups. . 

d = depth from toj) of beam to center of steek ^ 

j(l == distance from center of compression to'^enter of tension in the 
beam (apjmoxiinately Id), 

If = ])readth of beam. (In a T-beam, br(‘adth of web or stem). 
fs — unit tensile stress in steel. 
a = angle of inclination with the horizontal. 


Since the shear at any }>lace in the beam is used iis a measure of the 
diagonal teiisioii (see ]). 44O), the determination of the shear will indicate 
the diagonal tension or pull to be resisted by the stirrups and inclined 
bars.* 

Now the ViTtical shearing unit stress, at any section, is of course 
the total vertical shear produced by theloads divided by the area of the 
vertical section. I'lius, at section y 1 , Fig. 143, the vertical shearing 
unit stress (and also the horizontal shearing unit stress, since the two 
Y 

are e(iual) is ^ and the shear in the full breadth, A A, of the beam for 

Vi . . V 

a unit of length is while similarly, at section B, it is -. The total 
jd jd 

shear, therefore, on the horizontal plane A\Bi between the two vertical 

sections B and which are a distance, x, apart, is ^ — 1 «, or, when 

jd 

V 

V at C is the average shear, is-.- X .s. Since, as has been stated, the 

* For more complete discussion of the relation of stirrup stress to shear, see page 764. 
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shear is used as a measure of the diagonal tension, the allowable wording 
strength in tension of the concrete and the steel to resist tins tliagonal 
tension must equal this sh' ar stress. 

If the unit shear on a section does not exceed t 20 pounds j^er sejuare 
inch (for concrete testing 2000 pounds per srpiare inch at 2S days), tests 
indicate (see p. 447) that the concrete may be assiiined to take one-third 
of this, i.e., 40 pounds per st{uaro inch, while steel must be provided to 
take the balance. In this case if a stirrup is placed at C and the distance 
between stirrups is s, the area of cross section of the steel in the vertical 
stirrup, A^j must be suflicient to resist two-thirds of the diagonal tension 


over the plane AAiBiBjOTj A^f^ 


^ jd- 



PLAN 

Flo. 14,^. — Illustration of Shearing Strchses. 
{See p. 4.hS.) 


As a more general case, the shear 
(involving diagonal tension) to be 
taken by the concrete, v^bjd^ may 
be deducted from the total shear, 
using {V — Cbj( 1 ) instead of V. 
Formulas arc presented for both 
cases, those at the left t»> be used 
only when the concrete is assumed 
to t«ikeone-t hirdof shearinvolving 
diagonal tension, and the steel two- 
thirds; those at the right when 
shear exceeds three times allow- 
able strength of concrete. 




, rr-r' /./>/), V . . 

f.J.! 


The spacing of the stirrups is treated undiT a se])arate Jieailing which 
follows. 

For bars inclined at 45 degrees, it may be assumed that the stri*ss in 

any single reinforcing member is ^ and the required area of bar, 

(assuming the steel in formula (32) to take two-thirds of the shear, 
and in formula (3247) to take all in excess of that assumed for tlie con- 
crete) is 


(32) 


0.7 (7 — v'hjd) s V 


For other angles of inclination, it may be assumed as api)roximately 
correct for the present to use the formula 


. 2 9 , nasV . . 

A, = i ; ( 33 ) 

fsjd 


. sin « ( F — ?»' bid) s , . 

A,= . (33a) 

jsjd 
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The use of these formulas is illustrated in the example 6> page 473. 
Formerly, as already stated, stirrups were figured to take direct shear 
across the rod, hut this has been proved by tests to be incorrect. 

Stirrups in a Continuous Beam. In a continuous beam in the part 
near the sufjport subjected to negative bending moment, the diagonal 
tension acts in the opposite direction to that in the })art subjected to 
[)osilive bending mt)ment. The maximum stress then is in the up{)er 
end of tlie stirrups, so that tliey should be inverted near the supports. 
In any case the stirrups should be anchored in the tensile portion of the 
beam with their free ends (straight or preferably hooked) extending into 
the compressive part of the beam. 

Spacing of Stirrups. T he spacing of stirrups must be less than the 
effective depth of the beam, and a practical limit for si)acing is suggested as 
three- fourths the depth of the beam. CMoser spacing than this, however, 
may be recjuired in order to make the rods small enough tf) have sulYicient 
bond, as given in the following paragraphs. 

Let 

X - distance in feet from left sup[)ort to point at whii h rec[uired spacing 
is desired. 

Xx distance in feet from left suy)f)ort to point beyond which stirrups are 
unnecessary. 

/ siian of beam in feet. 
w -- uniform load in j)ounds p<^r foot. 

V — total vertical shear at section x feel from left sup])ort in pounds. 

V — total unit shear at section in pounds [)er square inch. 

7'' - allowable unit shear (or diagonal tension) on (oncrete alone, 

dg - cross-sectional area of vertical stirrup in square inches. (In a6’- 
stirrup this is the sum of the area of the two legs). 

/a allowable unit stress in stirrups in pounds per square inch. 
jd -- depth of beam in inches from center of compression to center of 
horizontal reinforcement. (In a 'F-beam this may be taken as 
distance between center of slab and steel; in a rectangular beam as 
0.87 of the total depth to steel.) 
h — breadth of beam in inches. 

s spacing of stirru])s in inches at point .v feet from left support. 

The required spacing of stirrups of given size in any part of the beam 
from formulas (31) and C3ia), is 


2 V 


(34') 


A, f,j(l 

V-v'bfd 


( 34 ») 


Use left equation only when the concrete is assumed to take one-third 
of the .shear involving diagonal tension (see page 449). 
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These equations become for a uniformly loaded beam* 


IV(1~2X) 


2 A J\jd V 

= ,7 n’ '7-V 

ic{l-~ 2 x)— 2 V bja 


For /, =■ lOooolb. ]HT s(|. in., formulas (^^4) and (.^4/7) become 

lf)000J,/b/ 


j 1000 . 1 , / 7/ 


r- vbjd 




id formulas and (^:;577) change to 

4tSooo .!,/(/ ^ ^ z jooo . 1 , / 7/ 

.S' = *' f ^7) .s = ‘ 

2V (/ — 2 .\- ) " ^c’ (/ — 2 X) - 2 V' b j d 

See also page 452 and table on page 5185. 




'Die above formulas, while aj»[)lying strictly to .siipiiorted beams, may be 
used for (ontinuous beams with safety. 

Slirrufis should thus be sjiaced by e(|uation (34) or (35) u|> to a .section 
where the unit shear equals the working .shearing .strength of cone rete, bear- 
ing in mind, however, that the maximum spai ing should not e\i(‘ed thrir 
fourths th(' depth of the bi‘am. d’he distance from the supjiort to the jioint 
where no stirrujis are required, for uniform loading isf 


X, 


/ v'bjd 

2 w 


(3«) 


From formulas (34) and (36) it is evident that the necessary sjiacing of 
.stirrups is inversely jiroportional to the total she.ir V at any point and there 
fore is the smalle.st at the end of the beam and incTeast's toward its middle. 

Many con.structors advise the in.sertion of occa.sional .stirru])s throughout 
the enlipe length of the beam even if they are not theoretically necessary. 

For a small lieam where the stirrups arc spaced uniformly, forconvenienc e, 
only the minimum value of s needs to be figured by substituting fur F in 
equation (3.^) and (36) the total shear at an arbitrary ili.stance J d from 
the support, or in equathm (35) and (37) .sub.stituting A d for .r. 


W 

* By Eubstituting in equation (34), V -- ^ — - wx as the total shear at any point in fi unifomily 
loaded beam. 

V 

•j* The unit shear v htirrupb are unnecessary at section where v -= v* or less, 7»r 

r' w/ 

v' -a ; For the case of uniform load F' =* — tox^ Substituting this for F' and .solving 

D/a 2 


hjd 

for we have 


i V* bjd 
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Graphical Method for Spacing Stirrups.* In a large and important beam, 
the S])acing should vary with the shear. 'I'lie following graphical method 
will be of use in such cases: 

1 

Lay out half of the s|)an to anv ( onvenit'nt scale as shown in Fig. 144. 

2 

Compute llie values of .v at three or four ])oints (point i, 2 and 3 in the 
figure) and lay th(‘m out on the perpendiculars erected at the respective 
points to the same stale as the span. l)raw a smooth curve located by the 
points on the perj)endiculars. From j)oint a tm the pcr[)endicular at the 


(.See f>. .J52.) 

point where the first stirruj) will be placed, draw a line at 45 degn es to 
intersect with the line rejuvsenting the sjian and eretl at the ptunt of inler- 
sectitai, /?, a f)erpendicular to cut the curve in j)oiiii b. A line drawn from 
b at 45 degrees will intersect the span in point C\ where tlu' above }>rocess 
is repeated. 'The points, /I, /f, C\ IK E, thus o];tained are the points in 
which stirrups are re<]uired. 

For uniformly loaded beams it is only mue.s.sary to ( (impute the minimum 
spaiing of stirru))s, that is, at the support. .'^pai ing at two other 

])oints may be obtained from the fa« t that tin* spacing for .v — 

four thirds I he minimum and for .v is tw'i((‘ lh(‘ minimum. I'or 

4 

1 .... 

X > the s[)acing is infinity. 

2 

Types of Shear Reinforcement. Fig. 145 illustrates different types of 
diagonal tension reinforcement, showing bcam.s reinforced wdth stirrups 
alone, with bent bars, and with a combination of bent bars and stirrups. 
The method of providing for the negative bending moment over the 
support is also indicated. 



Fin, I t-t. “Graphical Method for Spacing Stirrups. 


Kor with iiiiifi>nn lo-idin};. page siSA. 
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Fig. 146. page 455 shows different types of stirrups. 

Diameter of Stirrups. The diameter to select for stirrups is governed 
by the limiting spa(.ing of the stirrups as given in llie preceding paragraph^^, 
by the bond of the stirrii]) prongs, and by convenience in selecting and 
placing the reinforcement. The effective length of the slirruj) slu)uld be 
taken less than the total length because of the slight change in the inten- 
sity of shear below the inaitral axis and because also a lower bond 
strength may be cxi)ected there. 

i'ests by Prof. Talipot indicate that it is safe to use up to at least 10 of 
the total length of the stirrup in tiguring the bond. 



Fig. 145. Reinforcement of ‘a Continuous Beam. (See p. 452.) 

The ma.ximum diameter of stirrups which can be used by these assum})- 
tions without danger of slipping is determined by the bond and can be 
figured by the formulas given below. 

Let 

i = diameter of stirrup bar. 

A « area of stirrup bar. 

0 = circumference of stirrup bar. 
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d == depth from surface of beam to center of tension steel. 
u ~ allowable bond stress per unit of surface of bar. 

C \ and constants to use in formulas (39) to (42). 

Then for vertical stirrup with straight upper end.* 

A u A , . 

^ o 6 yd nr < } Cgd ( 39 ) 

A 

For round or square stirrui)s 

Hence 

i < C^d (40) 

h'or rods inclined at 45° the above formulas change tof 

i < Cj,d for round or square sections (41 ) 

A . . 

and < { Cf^d for other shapes. (42) 

Idle table below gives the values of C, and for different values of 
tension and bond wdien units are indies and pounds 

Viilurs of ('onst(Uit\' to Usr ni h'onnuhis ( to (^j ) (5«v f> 454.) 

C., r/> 


B ' VFRTU’AI r.ARS 

^ Ji 

jj Allowable Hint tnision in stirnipf. in 

"S T3 lb. per sq. in. 

II 


Lh. 

per 

I 2 000 

1 J.OOO 

1 6 ’000 

18 

000 

20 000 

I 2 000 

• 1 

000. 

I 6 

000 

iS 000 

20 000 

sq 

in. 

So 

0 . 0 1 f); 

0 0 

0 0 

0 012 

0 

or I 

0.010 

0 022 

0 . 

0 ll)' 

0 

017 

0.015' 

0.014 

100 

0. 020| 

0.015 

0 . 

013 

0.012 

0 . 02S 

0 

024. 

0 

02 1 

0 . 0 r g 

0.017 

1 20 

0. 024 

0 02 0 

0 0 1 s 

0 

or6 

0.014 

*-' ■ ^*3 3 

v->. 

028 

0 . 

025 

0.022 

0. 020 

150 

0.030 

0 . 026 

0 02 ^ 

C) 

0 ’O 

0 oiS 

0 . 0 1 

0 

036 

0 

o.U 

0. 028 

0 

0 


l'.ARS 1N( LIV» O 45^’ 

\llow.ibli* unit iriuion in bar^ m 
lb. j'l*! &q. in. 


A u u A 

<' o 6 //ott, hence < o Call 0.6^- -= J C.n and obtain - 

■j* For mis inclined at 4^® substitute for J in the above equation \/ z d. 

Hence \ Cl, = ?'.6 and 1 


ic,i 
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The above formulas and table apply directly only to straight rods. 

The bond stress I)etvveen concrete and plain reinforcing bars may be 
assumed at of the compressive strength at 28 days, or 80 pounds for 
2 000 pound concrete (see {). 528), which for the allowable tension in steel, 
ft, — 1(3 000 ])OLinds pers(iuarc inch gives a diameter of i = 0.012 d. For 
deformed baii, the bond may be increased to 100 or 150 pounds per 
square inch, varying with the character of the bar. Using the highest 
figure and 16 000 pounds jut square inch as the allowable tension in steel, 
a beam 20 inches deej) to center of steel, making no allowance for the value 
of a bentend, would reejuire stirruj)s not to exceed 0.5 inch or ^-inch diame- 
ter if deformed bars are used, or \ inch diameter plain stirrups. De- 
formed bars are therefore, useful for slirru])s to permit larger diameters, 
although the total quantity of stirrup steel required with a given allowable 
tensile stress is not changed. 



A B C D E F 


Fig, r*t6. Types of Stirrups. 45.^) 

Recent tests (j). 467) show that a right-angle bend of 5 diameters or a 
.semi circular bend of .similar length is suflicieiit to stress the .steel to its 
elastic limit jTovided the hook is well imbedded in the concrete so that it 
cannot kick out. With an imljedmcnt in concrete in all directions equal 
to 8 diameters of the bar, a hook of 5 diameters may be a.s.sumcd to 
develop the elastic limit of the steel and larger .stirruj)s can be u.scd than 
the table indicates. 

Ratio of Span to Depth in Rectangular Beam which Renders Stirrups 
Unnecessary. In a T-beam stirrups arc almost always m eded and every 
case must be comjjutcd 'oy rules already given. For a lieam which is rect- 
angular throughout its length .stirrups are unnecessary if at tiie sec tion of 
maximum shear the intensity of diagonal tension docs not exceed the allow- 
able stress in the concrete. For a rectangular beam uniformly headed 
we may deduce the following expression for the ratio of span to dcptli which 
will render stirrups unnecessary. 
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Let 

I == span of beam in inches. 

d ---= depth from surface of beam to steel in inches. 

V maximum unit shear at end of beam in lb. per sq. in. 
C = a constant from Table lo on page 519. 

wP 

(Y — denominator in formula M — 

wP 

Then it may be .shown* that, when ^ 1 / -- 

o 

/ n 

^ 1 74 Ch > 


(43) 


Adopting values of working compression in concrete of 650 pounds per 
s(|uare inch, wt)rking unit shear of .^o pounds j)er square inch, working 
tension in steel of 16,000 j)ouiuls per square inch, and a ratio of elasticity 
I 

of for O' - - 12 , 

a 

If the ratio of span to depth (both in same iiniLs) is therefore etiual lo or 

less than tlie value of as given by tliis formula, no stirrups arc 
0.77 

needed. 


BOND OF STEEL TO CONCRETE IN A BEAM 

7 'he bonding of the steel to the concrete is discussed on page 461, the 
values being based on the re.sistanci* to withdrawal of a sti'cl rod imbedded 
in concrete'. Jn a reitiforced concrete beam the bond of the tension steel 
per unit of length must not exceed its safe working value. The (oncrete 
surrounding thi^ steel acts as a web between its U'li.sile and comj)re.ssive parts, 


* IB .niiaitioii tn .iliovt* notation lor, xv — load prr linear inch of span, h - breadth of beam 
in inchrh, 1/ - bending moment. 

With unib^rm loail the ••hear {s .1 m.uimum at the support and is equal to . Taking 0.S7 d as 


ibe approxim.i'e depth from the center of compreviion to the eenier of tension, the maximum 
intcn-'ity of shear (.m \ ctjii- etjueiitly tif diagonal teiuion^ in the coiurete is therefore (See formula 

129) p. 447) r -- ^ . Kioin page 7<;4, formula (ii), it is evident that for M =» ’ 

. a hJ' ^ I 

^ Suhstifiiting this value of xvl in the above expression for v and solving bearing 

in mind that the maviinum unit shear mu.st not be exceeded, we obtain — > 

d 1.74 Ch) 

xi'l- 7 - 6.8 I 


Similarly when M 


ii d ^ Ch> 


For a cantilever where M 


r.15 

C*o 
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and the pull in the rods as it becomes less and less, because of the reducing 
bending moment, jmsses into the beam, thus producing a bond stress between 
the steel and the concrete. If the bond is insullicient the rod will slip. 

Care must be taken, therefore, to see that the size «)f horizontal bars in a 
beam is not loo large to give siiHicient bond surface between llie steel and the 
concrete. Using the formula sugge.sted by Prof. 'I'albot.* 

Let 

V - total sliear. 

a — unit shear in pounds per square incli. 
u unit bond in }>ounds per scpiare inch of surface area. 

0 -= perimeter of bar in inches. 

So -= sum of j^erimeters of nil ))ars. 
m ~ number of bars in tension. 

jd = distance between centers of tension and compressior.. 
d ■= dc‘pth from surface to center of tension steel. 

Then 


H = 


I' 

id So 


(44) 


'Phe unit bond stress recommended by tlie Joint (’ommiltee for concrcdi* 
whose slrength is 2 000 pounds at 2S days is So pounds [)er .square im h, anrl 
assuming also as a ( lo.se a[)[)n»\imalion that jd -- ; (/, the total [>crimeter 
of bars which are rc(|uired at any pt)int of a beam is 


70 d 


(45) 


In a continuous beam this formula a|)j>lics to the .steel which is in tension 
whethei it is located in the top or tlie bottom of the beam. Since the nega- 
tive bending momi nt decreases quite raj)idly, the bond stress at the supjmrt 
of a continuous beam is more aj)t to exceed the safe working limit than in 
the middle of the beam, thus re(iuiring more attention and frequently 
limiting the diameter of the bars. 

The above formula does not apply to the comjiression steel and therefore 
has no relation to the steel in the bottom of a coiitinuous beam at the support. 


♦ Bulletin No. 4, University of Illinois, 1906, p. 19. 

The formula may be dcrivetl from the relation of the bond to the shear 

The tendency to slip, or the bond stress, is equal to the shear because the measure of both of 
them is the increment of the moment. Hence ul'o =» vb, from which, since 

V V 
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Tests by Prof. M. O. Wilhey* indicate that the bond of tension bars in 
a beam is much less than sliown by tests in whic h bars arc pulled out from 
blocks of concrete, j)robably because of the compression on the head of the 
block in tlu? latter c ase, h’or 1:2:4 concrete, the ultimate bond strength 
at the age of Oo clays averaged 276 pounds i)cr scjiiare inch. 


POINTS TO BEND HORIZONTAL REINFORCEMENT 


The bending moment in a reinforced concrete beam decreases toward 
the ends, reducing in the same ratio the pull in the tension bars. Since 
these must be designed to take the maximum moment at the center of the 
beam, the steel at the ends, when the bars are carried horizontally through 
the whole length of the beam, is stressed away below its working strength. 
By lu'nding up a i)art of tlie bars not rt‘(iuired for tension, the inclined por- 
tion assists in providing for the diagonal tension, and by carrying the ends 
horizontally over the top c^f tlie supports the ten.sion due to negative bending 
moment may be resisted there. 

If jKirt of the rods are bent up at a certain point, those remaining must 
have sutheient .sectional area to carry the tension bc'yonci this point, and 
must also have sutlic ient length imbedded to prevent slipping. The limit- 
ing locations for l)ending the rods may therefore be found as follows: 

Let 

m number of bars at the center. 

///j = number of bars to be bent. 

If • . 1-1 

.1/ maximum moment - in which 

O' 

a ~ denominator in the exjiression for bending moment. 

.Vj distance frean su[)port to point where Wj bars maybe bent up leaving 
sutlicient steel to carry the |)ull. 

'Then it may be proved that the distance in feet from support to point 
where wzj bars may bc^ bent up and still leave suira'icnl steel to lake the pullis’j' 


♦Proceedings /Xrncrican Society for Te&ting Materials, 1909. 

■j- The r.itnj ol pull .it the middle to that at tlic point under consideration equals the ratio of 
moments ;n tlirsc points. Thus if the steel is sliesscd equally at both points. 


Substituting 


AIxi : At — (w — m\) 


t’TZ m t-r: 


wl- wl- 

^ ^ „ and A/x, - ^ 



and solving for 


( > - V «!' ) 
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The last equation may be used for beams designed for any bending 
wF 

moment M -= For a ~ 8, the formula changes to 

O' 

«.<:(■ w:;) 

Having thus determined see that the remaining horizontal bars are 
secure against slipping by the use of formula (44), page 457. 

The use of the formulas arc illustrated in the Example 6, page 472. 


SPACING OF TENSION BARS IN A BEAM 

The tension bars in a beam must be a suflicient distance apart to properly 
transmit the ))ull to the concrete in the beam and j)revent cleaving the con- 
crete between them.'^' At most points in a beam, with bars of ordinary size, 
the bond stress as determined from formula (44) page 457, is low, and there 
is therefore but little tendency to slip and the bars may be placed as close 
together as pr()t)er placing of the concrete between them will j)ermit. At 
points where a part of the rods are bent up, and especially in the top of the 
beam over the supports, the bond stress may be high, and it is advisable to 
make a rule that the rods shall not be si)aced nearer together in the clear 
than I J times their diameter. 'Fo permit the concrete to be readily placed 
between them and to give sufficient concrete on the sides of the beam fur 
fire protection, it is advisable further to make the minimum spacing between 
the rods 1 inch and the minimum distance of the rods from the sides of the 
beam inches in the clear. 

There is less danger of vertical splitting, and where two layers of rods 
are used the rods in a vertical plane may be j>laced directly over each other, 
and with sufficient space simply to permit the mortar to run between them. 
The Joint Committee s})eciries a limiting clear space of ^ inch. 

Prof. McKibben has suggested a mathematical demonstration for deter- 
mining the width of concrete required between the rods in order to make the 
resistance in shear equivalent to the adhesion of the concrete to the steel. 


relation of bond to shear is discussed on the following page. 
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Let 

I « length of rod considered in inches. 

— distance in the clear between two rods in inches. 
i = diameter of rod in inches. 

u = adhesion or bond between concrete and steel per square inch of 
surface of steel. 

V == direct shearing strength of concrete in [)ounds per square inch. 

If the beam splits at the rods, it is apt to shear through the concrete 
between the rods, and break llie adhesion between the upj)er half of the rod 
and the concrete. When such splitting occurs the shearing strength of the 
concrete between the rods, on a plane with their centers, is equal to or less 
than the adhesion of the concrete to the half circumference of one of the 
rods and the minimum spacing is then=^ 

^6 = 1 57 (49) 

If, for exam[)le, the working bond stress, w, is assumed as 80 pounds })er 
S(|uare inch and the working strength of the concrete in direct shear is 
taken at 120 |Kninds per scpiare inch, the formula becomes 

it = 1.0577 (50) 

that is, the minimum net distance in the clear between the rods is ai)proxi- 
mately equal to the diameter of the roil. Since the concrete is not easily 

placed between the rods it may have a lower strength there and hence a 

clear sj)acing of diameters (with a minimum of one inch), as suggested 
above is advisable unle.ss it is determined by iom])utalion that the bond 
stress is much lower tliaii is a.ssumed here. Deformed bars, if stressed to 
their full bond value sliould be spared farther ai)art than plain bar. 

In the middle of a beam the bond stress is low, so that the fojmulas 
are most useful in considering the rods in the top of the beam over the 
support. 


DEPTH OF CONCRETE BELOW RODS 

The selection of the thickness of the concrete below the rods is governed 
more by the proj)er lire and rust protection of the metal than by the stresses 
in the beam. 

♦ For a short length of rod /, equate the strength in shear of the concrete between the roils to 
the adhesiou between the concrete and the upper half circumference of the rod. 

Hence 
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Prof. Charles L. Norton, who has made a careful study of the subject, 
considers a thickness of 2 inches essential for efficient fire protection. (See 
P- 333 ) Since an excessive thickness adds to the danger of cracking, 
because the tension in the concrete increases with the depth below the steel, 
with but slight corresiionding gain in strength to the beam, this thickness, 
measured from the lower surface of the steel, and not from its center of 
gravity, may be taken as a maximum. Thus, in important members which 
are liable to severe lire, 2 inches may be considered the standard require- 
ment, while for secondary members and lloor slabs, a less thickness, rang- 
ing from } inch to 2 inches, is probably warranted. 

"Idle following tliick nesses of concrete below the steel may be employed 
under ordinary conditions; 


Thickness of Concrete below Steel. 


Depth of slab or beam, 
inches 

1 i to 2 

2 A to 4 

4 i to 8 A 

9 to I 2 
to t8 
19 to 20 

Greater than 20 


Thickness below lower surface of 
rods,+ inches 

i 


a 

ti 

a 


♦Values up to depth of ao indies are from tables of Mr. Edwm Thacher, except that his 
depths are taken below f»‘nter of }»ravity of steel. 


d'lie Joint Committee, igog, ret ommends slightly greater thickne.ss than 
given in the above lai)le, and its recornmendalioiis should be followed 
wherever the conditions are especially hazardous. I'he Committee sugge.sts 
that “the metal in girders and columns be prottrted by a minimum of 2 
inches of concrete; that the metal in beams be j)rt)tccted by a minimum of 
inches of concrete, and that the metal in lloor slabs be protected by a 
minimum of i inch of concrete.'* 


BOND OF CONCRETE TO STEEL TO RESIST DIRECT PULL 

Tests by different cxjKTimentcrs show that with Mmilar materials the 
bond is proportional to the area of the surface in contact, and varies with 
the character of the surface and the nature of tlic concrete or mortar. 

Feretf found that the bond of concrete to iron is nearly j)roportional to 
the percentage of cement in a unit volume of concrete, and that there is an 

f Thonindustrie-Zeitung 25 (153)1, 113-1, 115, translated in Cement, July 1902, p. 213. 
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increase of strcn^ili of ;il)<)ut ^0% io tone rctc two years old over that three 
months old. Tlu' I )esl t onsislency for concrete he considers to be so plastic 
as to be almost sloj)py. I le found that the bond of a very dry concrete was 
only about one-fourth that of an almost £lop[>y concrete which gave the 
maximum density. I'he bond increased rapidly as the proportion of water 
increased until the concrete reached its maximum density, when for larger 
proportions of water there was a slow decrease in bond strength, very wet 
concrete showing a bond about three-fourths that of the slightly dryer 
concrete having maximum density. 

In tests made by Prof. M. O. Withey at the University of Wisconsin* in 
1906, the results of which are contained in the following table, the bond 
developed by different specimens averaged about 0.3 of the compressive 
strength and increased nearly proportionally with it. 


Variation of Bond with the Compressive Strength* 
1:2:4 Concrete — Age 28 days. (See p. 462.) 
By Prop. Morton O. Withev. 



— - - 



- 

- — 

— — 

1 

j 

Size 

of 

rod. 

Area of 
Rod. 

Depth 

im- 

: bedded. 

Maximum Unit stress in 
load. rod. 

Elastic limit 
of steel. 

Bond 

Compressive 
strength of 
concrete. 

In. 

i 

Sc|, in. 

In. 

Lb. 

Lb. per sq. in. 

Lb. per sq. in. 

Lb. per sq. in. 

Lb, per sq. in. 

A 

0.248 

6 i 

7200 

29 000 

36 400 

627 

2155 

A 

0. 248 


550Q 

22 200 

36 400 

509 

2000 

A 

0. 248 


6700 

27 000 

36 400 

607 

1850 

A 

0 . 248 


4625 

18 600 

36 400 

418 

1485 

A 

0.248 

(>k 

4250 

17 100 

36 400 

3S4 

^435 

A 

0. 248 

6 

4100 

1 6 500 

36 400 

387 

1150 

4 

0. 196 

6 

3600 

18 400 

38 600 

382 

1150 

i 

0. 196 

S* 

1500 

7 600 

38 600 

i66t 

795 t 

i 

0. 196 

Oi 

1 840 

9 400 

38 600 

i 87 t 

584! 


As shown in the table, which gives In a condensed form the results of 
tests made by Prof. Talbot at the University of Illinois^: in 1905, a i : 2 : 4 
concrete realized a bond re.sistance averaging about 13 per cent, higher 
than a I : 3 : concrete. The effect of the surface of the bar upon bond 
resistance is also indicated. Plain round mild steel bars developed a bond 
resistance ranging from 355 to 465 pounds per square inch of contact sur- 

* Bulletin, University of Wisconsin, Vol. 4, No. 2, Nov. 1907. 

t Made upon concrete in which sand and limestone screenings containing 40% of dirt were 
used as aggregate. 

i Bulletin No. 8, University of Illinois, Sept. 1906. 
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face, a bond about 2.7 times that of cold rolled shafting and tool steel and 
also much greater than that of flat mild steel bars. Deformed bars give a 
much higher bond resistance. In cases* where the embednu'nt was not so 
great as to stress the bars beyond their elastic limit, the results indicate a 

Tests oj Fond of Union Bctufccn Concrete and Steel. 
d/jc oj Conerite, 60 days. {See />. 462.) 

By pRoi*. Arthuu N. Tai.bop. 


FRICTIO.V^I. Jj 
utMsrwii-. , 


Type of rod. Sire. 

Indies. 

Proportiorii-. 

? Encased length. 

cr 

^ Surface in contac 
5 ’ 

cr Maximum load. 

’ 

! 

c 

0 

« ' 
Lb. per 
sq. in. 

c 

3 

'R 

0 

H P. 

Lb. 

Unit 

Lb. persq. in. 

Ratio of Frictiona 
sistance to bond. 

Plain Hound \ 

1 :2 ^ 

6 

() . 4 


412 

^’135 

227 

55-2 

Plain Round 5 

j :2*i 

() 

1 r . S 



3 l '’^5 

207 

O4 . 0 

Plain Round i 

1 -2 .j 

I 2 

I S . S 

760:; 

KH 

4nS2 

2 00 

5 

Plain Round | 

1 :j| 

i 2 



•1 ‘ 1 


2 -i 3 

54.0 

Average 

1 :2 + 



065 2 

124 

307 ' 

253 

50 • 7 

Plain Round V 


6 

c ;.4 



1 1;8 ^ 

2 10 

57-0 

Plain Round ^ 

I 

6 

11.8 

4170 

35:5 

2700 

227 

04 . 0 

Plain Round J- 


1 2 

18.8 


.Wo 

5006 

2 08 

72.0 

Plain Round 1 


I 2 

■ 23.5 


^02 

5360 

2 28 

56.8 

.\veragc 




Oo 

o 7 S 

37 70 

233 

O2.4 

Cold Rolleil r 


6 

18 8 


'3'* 

.250 

67 

49.2 

Shafting 









Cold Rolled k 


6 

(;.4 

1476 

'57 

466 

5 ^) 

31.8 

Shafting 









Mild Steel A-i J 


f) 

20 . 2 


»'^5 

' 7 L^ 

: 

O7 I 

Round Tool 









Steel i 

1 :3 .6 

6 

14. I 

2077 

'47 





bond strength for deformed bars in ordinary r ; 2 ; 4 concrete of from, say, 
400 to 700 pounds per .scjuarc inch of coiUacl surface. j* 

Tests by Mr. Frank A. BoneJ indicate that the bond of bars in 

* Bulletin No. I, University of Illinois, Sept. 1904, Table 7; Proceedings American Society for 
Testing MateriaUi, Vol. VII, n)07, p. 467; Engineering Record, Dec. 22, 1906, p. 694. 
i'Bulletin, University of Wisconsin, Vol. 4, No. z, Nov. 1907. 

^Engineering News, May 21, 1908, p. 571. 
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concrete which is being stressed to a high compression is much greater 
than in unstressed concrete. 

The resuits of many l)ond tests arc without value because the yield point 
of the steel was exceeded. 

The bond stress of the tension bars in a beam is determined by methods 
discussed on page 457. 


LENGTH OF BAR TO PREVENT SLIPPING 


In a reinfon vx\ (oncrele member it is necessary not only to have at a 
given section the rcjiuired amount of steel to take the [)iill or the compression 
but it is also essential for each bar to liave sulTicient length of imbedment 
in tlic concrete so that the bond (that is, the resistance to slipping) of the 
bar in the concrete is great enough to develop the necessary direct pull or 
compression in the body of the bar. Unless a bar is bent up or anchored 
by some mechanical means (see p. 466) its resistance to slit)ping is deter- 
mined by the length of imbedment and the value of the unit bond between 
the concrete and the steel. 

The length of imbedment necessary to develop a reepured holding power 
through mere bond between the concrete and steel maybe determined thus: 


Let 

/, = working tensile or 1 ompressive stress per square inch in the body 
ot (he bar. 

i ““ diameter of bar in inches. 
u « bond in pounds per square inch of surface. 

/j = necessary length of imbedment of bar in inches. 

Then* 


U - 


Ub 

4 u 


(46) 


This formula holds for square as w’ell as for round bars. Using the limit- 
ing bmid stress suggested by the Joint Committee for round bars of mild 
steel, 80 {Kjunds })er square inch, the length of imbedment when the steel 
is stressed 10 16 000 pound per square inch is lifty diameters. Deformed 


♦ If the bar is round the total force to be developed in the body of the bar is ' ~ while the 
holding power of the bar, or its r(•si^tance to slipping is ;r j u /. 


Equating these and solving for /, we obtain 


4 « 
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bars may be given a greater bond stress, while, as indicated in the preceding 
paragraphs, a smooth steel of the nature of tool steel must be given less. 
It has been suggested that the bond of deformed bars be taken the same as 
the bond of plain bars except using for their diameter the diameter i^f a 
cylinder based on the hmgest ])rojections, that is, of a cylinder which would 
be sheared out by the deformed bar. Ordinarily llien, as indicated on page 
5285 a bond stress for dehjrmcd bars varying witli the character of the bar 
from 100 to 150 pounds per stjuare inch may be used, corresponding to an 
imbedment of 40 to 27 diameters, h'or smootli metal of the nature of tool 
steel not over 30 or 40 ])ounds per scpiare inc h, that is 133 to loo diameters 
should be })ermitted. Mat steel or structural steel with Hat surfaces should 
ije given a similarly low value j>er sf|uareinch. 

The bond in all casi's is based on the surface area of the imbedded bar. 
Later tests by Lrof. Wither, which show’ much lower bond strength when 
the concrete in the spec imens is not alTected by the compression, are referred 
to on page 45*8. dliese indicate that a strength in bond for i 12:4 con- 
crete c annot be assumed greater than 273 pounds |)cr scjuare inch of surface 
of round bars, so that the value of 80 pounds jier square inch suggested 
above, is a fair working unit bond stress. 

All of these l)ond values lire based on a concrete whose strength at the 
age of thirty days; when tested in cylinders, is 2000 pounds per square 
inch. The length of imbedment also varies with the working stress in the 
steel in tension or comfircssion. In compression, steel is not apt to be 
stressed over 8000 to loooo pounds ])er square inc h, so that a shorter 
length of imbedment is re(|uircd. Furthermore, the concrete in com 
prcssioii jirovides a greater grip. 

Idle following table gives the length of imbedment of round or scpiare 
bars for different unit stresses in the steel: 

oj 1 itibcdmcnt Required jor Round and Square Bars. 

LKN'<.T1I OK BARS TO IMIH.D IN rKRMS OK THK DIAMKTKR. 

STl- J I. ]8. \ 

I 

Allowable bonil stress, pounds [»er ••i|uare iiuli. 


Ll). per .‘■tj. in. 


■ 

40 

60 j 

1 80 

100 

■ 120 

« 5 « 

8 000 j 

.SC ‘ 

1 

.53 

* 25 

20 

»7 i 


12 000 j 

IS 

.SO • 

37 

30 


20 

16 000 1 

100 

67 

SO 

10 

3 5 

27 

20 000 j 

125 

«3 

62 

.so 

41 

33 


None: The length of imbedment may he obtained by multiplying the value 
jsclectcd from this table by the diameter of the bar. 
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VALUE OF HOOKED BARS IN BOND 

The results of a valuable series of tests on hooked bars, made for the 
Eastern (^)ncTcto Construction Company at the Massachusetts Institute 
of Technology under the direction of Prof. H. W. Hayward are presented 
in a table which follows. 

In all the tests ^-i^it'h round bars were imbedded in blocks 12 inches 
square and J5 inches long, to a depth of 12 inches with an additional bend 
of different lengths. In one case the straight portion of the bar was greased. 
Right-angle bends and semi-circular l)ends on a 3-inch diameter were 
tested. Seven s})ecimens of each type were tested, the individual results 
being extremely uniform except in ty])e i, where the straight bar test gave 
the usual variations expected in ordinary bond tests. 


Tests 0} Hooked Bars in Bond, Massadiii setts Institute of 'Technology, 1009, {or 
Eastern Concrete Construction Company 

Proportions of concrete 1-2:4. Age 28 days. Crusliing strength con- 
crete 1130 11 ). per sq. in. at 34 days. Round bars ]-inch diameter. 

Yield point of steel .^5 900 lb. per sq. in. or 15 S70 lb for t*-inch bar. 
Elastic limit of steel 29 000 lb. per sq. in. or 12 820 lb. for jj-inch bar. 


' LenRth <»f 
^ .stniiKht 

^ ' h:ir 

Hiid Kind 

cif honk 

1 I’li.st .dip* ' 

lb. 

Muxiniuin 

load 

lb. 

' 0 * *: 
.Q 03 

Condition at rnaxiiniim load 


o" 

7 77« 


J 7 S 

n.’iis pulled (»uf 

1 

.j" ^tiuare bend 

ifi ooo 

1 <1 ooo 


i Conerete eiiislied at bend 

1 hnnlly split bioek. 


•I* 

I.S 700 

_•! |S 0 


) Conereie crushed; bam 

1 partly slraiKhlencd. 



1 not 

1 7 770 


j n.'im straiKht<*n«;d out; 



[ reronled 



! lilofix not split. 



I 7 ooo 1 

I <) lo 


; liai'. pulled out, 01 split 
conerete by kieking baek 

1 


() Ooo 

iS 590 


; Im id of bars raised up and 

i 

b.'U'kini; of 




■{ eiiished eonerete; bars 

eoneretc) 




. [pulled through 


return bend 

17 too 

j i hfio 


1 Coneiete split 

/ 

3 ," 

1 7 300 

J.l f>30 


“ '■ 


\ twitli 3 *'t'xtrii lenKth 

* As .':hown by drop of beam except in type* (6), where the bent ends begin to straighten, the 
drop of the beam coming either at the same j>criod or at about i ooo lb. later. 
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In all the Tests except those with straigiit bars (lyj^c i) and those where 
there was no concrete back of llie bend, the elastic limit of the steel was 
passed before the bars began to pull out as indicated by the dn^j> of the beam. 

The crushing strength and also the bon<l sin nglh of llu; concrete was 
low because the specimens were stored at a low temperature, but this does 
not alTcct aj>preciably the val le of the results. 

The lollowing conclusions may be draw'u from lluv^e test.s: 

(1) A 4'incli right-angle bend in a j^inch round bar (5 diamcli'rs) is 
sufficient to stress the .‘>tcel to its elastic' limit. A longer bend than this 
is not necessary. 

(2) A semi-c ircular bend on a diameter 4 times tlie diameter of the bar 
ay^pcars to be even more effective than the square bend. 

(3) No crUvshing of thcj concrete oc curs until the elastic limii of the steel 
is passed. 

(4) A backing <»f concrete whose thickiu'ss is \ timc’S the diameter (if 
the bar a])p('nrs be effet'livc to prevent kicking back before the* c'lastic 
limit of the steel is rcN'u he'd, jmnided the area of section is large enough 
to prevent cracking on a ])lane with the bend. 

1 ests at the (.'ase School of A})plie(l Sc'itauc' indicate that a sc‘c lion of, 
concrete six inches scpiare is not enough to ju'evenl a J-inch bar from 
cracking the concrete before the' steel reaches its elastic limit. 

The most important conrlii.sion from the Institute e.v])eriments is that 
a bend 3 diameters in length in a ] inch rod and probably,- from compari- 
son of the results from the 2- inch hooks with the othc-rs,- -that evcui a bend 
of 2^ diameters is sulTicient, w’hen the hooks an* [>roj)erly imbedded in 
concrete, to permit the stexd to reach its c'lastic limit before* starling to pull 
out. In a number of the tests the deformations wen* mc^asurc'd and show 
no initial slip })rcwdous to the ])criods given in the table. The result agrees 
with tests also made at the In*^titute upon hooks not imbc'ddc'd in concrete 
where the elastic limit of the steel was reached before the hooks lost their 
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EXAMPLE OF BEAM AND SLAB DESIGN 

The use of the formtilris ii;ivon in tlie preredinjj; pages can be best illustrated 
by the design <>f a lloor hav consisting id slabs, beams and girders. The 
design of reinforced eoiiereu’ striu‘i arcs permits of sf» many variations by locat- 
ing steel in dnlereiit ways Lii.it inoi’e than (‘Tie tVjie of design for the same 
member is almost always possible. 'J'he dimensions and reniforecnient shown 
illustrate (oinmon nietliods, and the ari«nigjment of rlet.iils in the different 
members i.s also given as typical. 'I'lie principles of design follow the recom- 
mendations of tlie Joint t'omniittee fin Omercto and Reinforced Concrete, 
1909. 



Fig. 147. — Design of -Floor System (See page 469 ) 
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The computations are given with but few comments, but references are 
entered to the pages upon which each part of the ciilculation is based. 

Example 6 : Design a typical slab, beam and girder for a reinforced floor 
to support a live load of 250 pounds per square foot with columns spaced 
18 by 19 feet on centers. 

Solution: The girder will be made 18 feet long and the distance between 
centers of beams 6 feet. The beams are 19 feet long on centers. 


Refer to pa;?p 


Talce allowjible fiber stress in concrete. 650 lb. per sq, in. 52S 

Take allowable lension in steel. 16 000 lb. per sq. in. 529 

Take ratio of elasticity of steel to concrete, 15 5j() 

Take direct shear in concrete, 120 lb. per .s<j in. 52S 

Take shear in concrete involving diagonal tension, 40 lb. per sq. in. 528 

Take bond between concrete ancl plain b.irs. So lb per sq. in. 528 

Notation used in ICxample is Joint Committee standard 529 


Slab. Span of slab is 6 ft. 

Live load. 250 lb. per .sq. ft. 

As.sumc'd dead load, 50 lb per sq. ft. 
Total loading, 300 lb. per sc]. ft. 


wP \oo X 6* X 12 

Use for moment, .1/ — . , then d/* ---- , . loSooin. lb. 440 

12 12 

Same value may be found directly from curves 524 

J'ince /c “ 6=5*^. A - 000 and n -- then 

C « o.ogO and p =- 0.0077, table lo 519 

Hence, depth to steel is, d * 0.29 x 0.096 \ 10800 2.9 in. 421 

Taking ^ in. conc'retc below steel, thickness <if slali is 3] in 461 

Area steel, .l,v, - 2.9 X 12 X 0*1077 - 0,26s scj. in. 421 

Round rods j inch in diameter sj)aced 5 inc-hes on centers wi give 
required area. T.able 1. 507 

The same results may be obtained by using the slab table 513 


Since thi.s table i.s based on M ~ - and we use here M =« the total unit 

10 12 

weight of 300 pounds per .sciuare foot may be reduced J or to 
250 pounds and this value treated in the table, which give^ a 3jf.inch 
.slab. 

Rods must be bent \\p to give same steel at top of slab f»ver sujiports. 
Beams, Span ici feet. 

Distance between beams, 6 feet. 

Dead and live loads of the sl.ab per foot of length of beam, 

6 X 300 - = 1800 pounds. 

Assumed dead load of .stem of the beam, 200 pounds per foot 
of length 

Total unit loading, 2000 pounds. 

WP 2000 X 192 X T2 

Use for moment M -■= then M ^ 722 000 inch- pounds. 

Reaction at support, which is the maximum shear, is 
2000 X 19 

V ^ ^ - *^19 000 pounds. 


* Only one iz is inserted in tlie numerator to change thc.6 ft. to inches because the ^oo is pounds 
per -foot. 
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PAGE 

Breadth of Flange. Taking 8 times the thickness of slab plus the breadth 
of stem of beam (assumed as lo inches) h « (8X3}) + 10 = 40 inches. 

Minimum Depth. Referring to Table on page 525, since the area of 
flange times the working strength of concrete, fc b t, is 97 500 lb. and the 

assumed ratio of depth of beam to thickness of flange is 3.5 e.,t ^ 

the minimum distanc’c from center of slab to steel in beam, jd, for a 
moment of 722 000 is 12 in., or adding J/, the depth d is 14 in. 426 

A larger value of d however will be used for economical reasons as given 
below, since it reduces both the stress in concrete and the amount of 
steel. 'I'he decrease of depth of beam on the other hand w'ould increase 
the stresses in concrete above the permissible working strength. 425 

Cross-section of Web as Determined by the Shear. 424 

V' 19 000 i)ounds (see above) hence 

( / \ _ 19 000 

^“2/ > 120 formula (13), 424 

Economical Depth. I'Vom formula 14), </ — ^ if the ratio of 

- \ /« '< o' 

unit cost of steel lo cost of concrete, r » 70 425 


for 6' 

8, 

d - 

t 

2 

- 10.8!; inches or =« 21.7 

inch 

6' 

“ 0, 

d -■ 

^ t 

2 

- 18.7 “ or -= 20. 6 

It 

6' 

— 10, 

d -- 

t 

2 

17.8 “ or if = 1 0 . 7 



For convenience in placing steel take 

6' « 10 inches, d = 20^ inches, h — 22 V inches 459 

Sectional Area of Steel. From formula (15) 426 

722 000 

“ 18.625 X .6000 “ "-4 square inches 

4 round bars ‘ inches diameter will be suflicient. Tw^o of these may be 
bent up and lap over the top of the sup})ort " 429 

Steel at Top and Bottom. Negative bending moment at support equals 
p(jsitive M at middle or — Xl =722 000 inch pounds. 440 

At support the flange of T-beam being in tension is negligible and since 
four J-in. round bars are in tensile and two in compressive part of 
beam, the I'-beam changes into a rectangular beam with steel in top 
and bottom. 

The ratios of steel in tension and compression are respectively 

^ “ 10 X^o.s = °-°"7 “ °-o°S8 

With these values of p and />' and for n ~ 15, and a = o i we obtain 
from table (p. 516) Cc ~ 0.227 ~ 0.0103. Maximum pressure 

in concrete is 

722 000 

7 c « jQ x' 2o.V x 0.227 ^^rmula (18) 428 

722 000 

'• ” 10 X 20.5’ X iToioa “ ’6 700 lb. per sq. inch, formula (ig) 428 
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Allowable compression in concrete at the support may be 15% larger 
than that at middle, hence, no haunch necessary. 439 

Girder. Span 18 feet, breadth to use for T-beam, 44 in. (assuming 

breadth of stem as 14 in.) 424 

Concentrated loads at J points. 

Assumed dead load of the stem of the girder, 360 pounds per linear foot. 
Load transmitted by the beams is considered as concentrated. 441 

Reaction of concentrated loads, V = 38 000 pounds. 434 

Maximum moment of concentrated loads with ends of beam simply 
supported would be, M - 38 000 X. 6 X 12 ==2 740 000 inch pounds. 439 

ivl^ zvl^ 

This corresponds to formula M = ; to correspond to M = it may be 

reduced by the ratio |\ or 441 

M = 2 740 000 X i". 1 ^i2 7 000 inch pounds. 

Moment of dead load. A 1 = 1 16 600 inch pounds 440 

Total moment, M — 1 943 600 inch pounds.* 


Minimum Depth. From Diagram 4, p. 525, since the area of flange times 
the working strength of concrete, fj>t “= 107 250 pounds and the 
assumed ratio of the depth of beam to the thickness of llangc 
equals 6. the minimum depth, d = 24 inches. 525 

A somewhat greater depth is economical as shown below. 425 

Cross-section Determined by Shear. V ^--38000 -f 3600 -- 41 600 pounds 424 
Using a limit of 120 pounds for total shear 


b' i d - M r= == 347 square inches 424 

\ 2 / 120 

Select by judgment 

b' 14 inches, d ■-= 26. s; inches, h = 20 in. (to allow for 2 layers of 
steel) . 


.S7cc/ Area. F(.)r d/ --=i 056000 from Diagram 4, j>. 525, 4.00 square 

inches, 8 round bars J inch diameter will satisfy the moment. 


Check of Results by Exact Forntulas (14) to (17) 755 

(This check is unnecessary in practice for an experienced designer.) 
b' 14 inches, b 30 H 14 — 44 inches, t = 3^ inches. 

As ^ 4 90 sejuare inches. 


kd 


4 go X 2 V 15 
2 X 4 90 X 


; 9. 5 inches 


X 26.5 + 44 3.7 s* 3000 

5 + 44 X 3.75 X 2 "" 147 

3 7 3 - 7 J. 

X 9. 5- 3-75 3 

jd ^ 26.5 — 1. 72 24.78 inches. 

The value fcf jd would be a bit lower, when the compression in the stem 
is also con.sidered. It is evident that the approximate value used 




-f- 620 4S20 

^ .330 “ 477 
1.72 inches. 


in previous figuring, d — ^ = 24.63 inches, is practically identical with 
the more exact moment arm. 


Girder at Support. —M = i 943 600 inch pounds. 440 

Reinforcement at supports consists of J inch round bars. 

Eight bars are in tensile and four in compressive part of beam, hence 

4.90 

ratio tension steel, p = ^ =* 0.0132 

0.01 32 

ratio compression steel, ^ =* 0.0066 

*By method supRested on page 433 the result would be 2 159000 less 10 per cent or i 943000 
pounds, a result almost identical with the more exact one. 
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PACE 

Prom Table 8 (p. s Cc ** 0.241 and from formula (18) 428 

maximum compression in concrete, 

1 04.3 600 

“ 14 X 26.5^ ^ O 241 “ 

which is excessive. 429 

Depth and f.en^th of a Haunch. For depth try a - 0.1. d ^ 28 inches 429 
For this depth of beam the ratios f»f steel in tension and compression change 
26.'; 0012:; 

top -- 0.0 1 X 0.0125, p'= ^ -- o.oo6j the corresponding 

values Cr 0.256 and Cn - 0.0109 

Maximum compression in concrete, 428 

I 043 600 , • I 

MX 28^ X 0.256 - 7.SO pounds per srj. inch 

and maximum tension in steel 428 


1 (145 ^^00 

' 14 >' *»«S=x 00100 ’ 2j;o [)otmds [>crs(|. iiK'li; 1 ormiilas (18) and (iq) 

This stress is allowable and tiic depth (»£ haurudi from Lop of beam of 28 
inches will bo accepted. 

Lewjjh of haunch may be approximated. Moment of resistance of beam 
withcjut haunch, allowing 15% excc.ss compression (;r 750 lb. per.s4. in., 42S 
Mu “ 750 X M X 26.52 X .241 1 7S0 000 inch pennuis Formula (17) 

Mb I 045 600 inch pouncls. 428 

UeiK'e from formula (22) length of haunch 450 


X 


I 7 6 000 1 8 

1 9 1 3 .S 


5.9 inches 


.Since maximum negative moment occurs in middle of colmnii and neces- 
sary Icmgth of liauiu'h is cmly 3 0 inches, no haunch will be* introduced 
outside id the column. 


Diagonal Tension Reinforcement of Beam. Vertical stirrup^^ 


Take into consideration the beam designed on page; .|6(i for whicli 
\/ iQ 000 pounds 10 — 2000 pounds 
i' -= 10 inches jd — 18.O25 inches and the unit shear 


V -'=■ 


102 pounds per S(4. 


(formula 30'), 


10 000 
10 X 18.625 

The allowable imit .shear in cc^ncretc equals 40 pounds, hence stirrups 


are necessarv. 


447 

447 


Diameter a) Stirrups. From formula (40) and Tabic on iiage 454 for a 
bond stress •){ 80 ]>ounds diameter of a .stiaiglit iirongdi stirrup should 
not e\c('od / 0.012 X 20.5 inches. However, since in the present 

case the up] km' ends of stirrups are to be bent, ^ inch round bars may be 
considered as .SOI lire against slipping. 467 


I.j>cation of Stirrups. Stirrups are unnecessary with the unit load «' = 
2000 4H>imds, at a distance from support 

l8 40 X 10 X 18.62s . . , OS 

- 5*3 (formula 38) 


Xi « 


onnn 


451 
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Spacing of the ^ inrh siirruns, the area of both prongvS being Aa ** 0.22 
square inches, is f>btained by pl'.)tting in i''ig. 148 values of s from 

2t 000 X X C.22 . 

formula (.50). At support, .v, "" 5--! inches. 451 

For ,r ''--2 feet, i, = 6.5 indies, for 1. ~ 4 feet, .s\. - 8 () indies. A 

smooth curve; ilrawn through the p«7ints tlelerinini'.s the sp.uung at 
any part of the beam. The llrst sUrnij^ is placed !ia1f i>f the mini- 
mum spaiing from ‘lie edge of the sup])oit and the last stirrup must 
not be farther distanl I'nmi Ih.e hmitiiig point, uhere stirrups are un- 
ne(‘esstiry, than hah ni the di.st an<’e between the last two stirrups, 
'the graphic.il deternunali(*n of points for the stirrups is shown in 
Fig. 148. 452 




NOTE - BENT BARS NOT SHOWN. 


Fro 148. Sjiacing of N'eilieal StiiTUf)s {.SVe />. 4:; 2). 


Bent-\ip Bars as Diagonal Tension Reinforcement for Girder. In the 
g'.rder designcil on page 471 foc.r of the e’ght bars are intended to be 
bent If pioperly jiI'kivI the b.irs may be U';ed for taking the diagonal 
tension. 'I'he iti.iNiinum tol.il shear, \ ' i r> '0. Snue the load is 

ei^neeniratedj at points ;i!. wbidi tlio beam runs into the girdi'r tlic 
she.ir at the left of tlvd point will be Fig 14(1. ji 474). 

V --- boo — (o X d“'') - >0 4 ic liouuds and tin; unit slica^, a - ii^) 

jviunds; at ngbl o! the point, I will be 41 - 0 X - gS 000 --- 

14 |o jiounds and 1 pounds Theoretn'ally, shear leinfoia ement 

15 needtod to the fioint oiib' where the beam nitersei ts the girder 

The (li.'igoiial tension efiuivalmit to ilie horizontal .shear at tiie support is 

^ ^ , 1700 pounds per one indi of length of beam, at ])oint A is 


-- 1 60c pounds per (me inch of length of be.'in The total 

diagonal tension is represented by a tr.ipezoi'l, the ii.arallel sides of 
whidi .are 1700 .and 1600 and the length 6 feet ilcneo total diagonal 
1700 -j- 1600 

tension ■-=^ X 6 X 12 118800 pounds. Onc-Lhird of 


the shear, or 30 600 pound.?, is assumed to be taken bv the ('oncrete, 
heiiec the tension to be taken by the shear reinforrenients is 71; 200 
pounds. Since six J-inch round rod.s are to be bent, their area i.s 3.60 

. /U X fh 000 

square inches and their tensile value from p.age 449 is — 07 
« 82 coo pounds. Now comparing the above values it is seen that 
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tensile value of ban; is in exocss of stress to be provided for. It is also 
necessary that the bout bars be properly distributed and since shear 
is nearly unifonn ])ot\vcoii the supports and the intersection of the 
beam, the inclined bars should be spaced at points a, b, c. 

These points were found by dividinj^ the distance on the center line .4 B 
into equal parts. They should be laid cjff on the neutral axis, but 
since the neutral axis ohani^cs for the positive and negative moment, 
the ('enter line, as lying between the two neutral axes, was selected. 



|. 4 _ . - 

. j : z_ 

' -r — 


'1 

[ r — 


PLAN OF PARS WHICH ARE NOT CE: r 


h'lu. 1 |i;. Keinforcoment for (lirder {Sec p. 474) 


A 


study niu.st be made to .see whetlicr the tensde stresses in the bottom 
of the beam will jicrimt this. In this e.i.^e the girder is loaded by con- 
centrated loads and the moment at the ]>(»int where the btMin inter- 
sects the girder is nearly the maxinuim. ApproxiuKilc (.guring of 
tensile stre.s.scs slunvs that the (ii>.t two bars may be bent about is 
inches from the center of the intersection of tlic beam, whde to resist 
diagonal teiisu^n the bar to intersect the (enter Imc at a should be Ijent 
atcas shown by the dott('d line. 'r(j ])n)Vi<lo for the diagonal tension, 
between point a and the beam stirrups will I>e introduced. Using 
^-inch rods for stirrups, the tensile value of which is 2 X • 19^^ X 16 000 


== 6 270 pounds, it is necessary t»^ space them 


6270 

1 oO T 


- 5. 85 iiK'hes apart. 


as shown in h'ig ]4(), the shear t(2 be provided for in one inch of length 
of b(‘ain being i 0O5 pounds. 


EXAMPLE OF BENT BARS AS REINFORCEMENT FOR DIAGONAL 

TENSION 

As indicated in the design for the girder in the example just given it is 
possible to [irovidc for tlie diagonal tension liy bent bars without stirrup.s. 
When the loading is uniformly distributed in.stead of concentrated, the 
location of the bends in tlic different bars as well as the size of the bars to 
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use should be governed by the distril)iilionof the shear. This is illustrated 
in the examj)le whicli follows. 



Fig. 150.— Spacing of Bent Bars. {See p. 475.) 

Example 7— Suppose the 18-foot girder in previous exami)le is loaded uni 
foruily with 4 600 pounds per foot of length, find the loi'iitions of the points to 
1 end up tlio bars to resist di.igonal tension. 

Solution --'riio load scloc'ted will rcijuirc a beam «if same section and ten- 
sion reinforcement as the girder in previous example, when* In’eadlh of stem, 
6' — 14, depth to steel, d - 20 5, aiul depth from centei of compression to 
tension, jd — 24.6. 'I'hen V - 41 |oo pounds and from [lage 447, the unit 
V 41 400 

shear vE — • , - ^ -- i 080 pounds i er inch (;f length of beam 'fwo- 

24.6 '■ ^ 

thirds of this amount or 1 120 pounds jier one inch of length of beam 
has to b(' jiruvided ft^r by diagonal tension n‘inforcement. The 
distance from the support of the limiting point wheie shear can be taken 

by concrete itself is.v, = 9 -- 0 feet, formula (^^8), j^age 451, 

4 Uoo 

From this point to the right the .shear increases from zero to its maximum 
value of 1 120 pounds at the support, and maybe rcinesented by the triangle 
A H C, hdg. 150. This triangle may be drawn'in the following manner. From 
point A at the neutral axis draw a line A B at 45 degrees, and from jioint D 
a perpendicular to line A B through point of intersection B. Lay out the max- 
imum shear B C. \ow,sup])ose we intend to Vjend four bars, all of the same 
diameter, to take the diagonal tension, then each of them will take an eijual 
part. Divide the area of the triangle into three equal parts, find centers 
of gravity of each part, and from the.se centers of gravity draw lines to rep- 
resent the location of points to bend up the bars in the girder. The method 
of division of the triangle into an equal number of parts i.s clearly shown in 
the drawing where the line A B is divided into equal parts and dotted arcs 
of cricles are drawn with centers at A, 
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MISCELLANEOUS EXAMPLES OF BEAM AND SLAB DESIGN. 

Example 8: What is the value of C and the ratio of steel if pressure in 
concrete is limited to 400 pounds per square inch and pull in steel to 
12 000 p( Hinds per square inch, the ratio of moduli of elasticity being 15? 

Solution: Approximate values, which are sufficiently exact, may be ob- 
tained from the Table iC pJige 519, by exterpolation above item (i), from* 
which C equals 0.123, and ratio of steel, p = -0053. 

Example g. What is the value of C for a beam in which the pressure in 
the concrete is Tko pounds per square inch, the pull in the steel 16 000 
p(Hinds, and the area of steel r.2%, the ratio of moduli of elasticity being 15? 

Solution: The requirements in the example are impossible. With the 
pressure in the concrete limited to 650 pounds per square inch, the pull in 
the steel, if 1.2% is used, cannot be as high as 16 000 pounds. From Table 
ir, page 520, when p = 0.012 and fc = 650, C — o.ogo and the pull in the 
steel is 12 100 pounds. Inirthermore, comparing this item with the line for 
0.008 steel in the same table, it i.s evident that an increase of 50% in the area 
of the steel, i.e , from rritio o.ooS to ratio 0.012, decreases the value C, and 
therefore the depth of beam, scarcely 7%. 

Example 10: What safe load per square foot can be supported by a slab 
5 inches thick and lo-foi t span reinforced with J-inch round bars placed 
8 inches apart? 

Solution. From slab table, page 514, since the given reinforcement from 
page 507 is equivalent to o 196 X i j -= o 294 .stpiaro inches for one foot of 
width, we find by in -pection that for a 5-1 nch slab the nearest area of steel 
in column (18) is 0.28S. Hence, the total safe load for a lo-foot span is 
slightly more than 136 pounds, say, 140 pounds per square foot; and deduct- 
ing the weight per squnre foot of the slab, column (15), gives 140 — 64 -- 76 
pf)unds per square fo(»t safe live load. If slab is square, continuous and 
reinforced in two directirms, the safe load of j jo pounds may be multiplied 
by 2. Uediu'ting the dead load of 64 pounds, the live load will be 280 - 64 
=■216 pounds per scpiare foot. 

Example //: What, safe load per scfliare foot can be placed upon an 8- 
inch slab, 16 ftiot span, having steel reinforcement of 0.007? 

Solution: Since bv Ride 3,011 page 513, total loads are inversely propor- 
tional to the scjuarcs of the span, llie load for a 16-foot .slab is J the load 
for an 8-foot slab. Imt the total safe load of an 8-foot slab, we must inter- 
polate between .steel ratios of o.ooO and 0.008, thus obtaining 

6 m + ‘'^31 

2 

- 740 ])ounds per square foot. For the 16-foot slab the total safe load 
is therefore ^ ~ 185 pounds, and deducting ihc weight of the slab from 

column (15) gives a net live load of 185 — 103 -- 82 pounds per square foot. 

Example 12: Using Table 4 of rectangular beams, page 510, what 
should be the dimensions and reinforcements for a be.iin 12 feet span, con- 
tinuous, and loaded uniformly with 1000 pounds per foot of length? 

Solution: The assumed stresses are the same as those adopted in the 
Beam Table. Assuming a width of beam 12 inches, a total load per inch of 

1000 

width ^ ^4 po^irids per running foot. Referring directly to the 

Beam Table, we find that the total depth corresponding to a 1 2-foot beam 
with this load is about 12 inches. The reinforcement from column {25) is 
0.083 ^ ** square inch. , ^ 
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Example jj: What total load per foot of length can be carried by a 12- 
foot simply supported beam 12 inches wide and 25 inches deep? 

Solution: There is no value in the Table 4, page 51 1, for a beam whose 
total depth is 25 inches, but since, from rule 4, loads are proportional to the 
square of the depth of the steel, we may c.alculate the load in this case from 
the load for a 26-inch beam 12 inches wide. Assuming in both cases 
that the depth to steel, d, is 2 inches less than the total depth, we have 

364 X X 12 — 4 000 pound.s per running h>ot of beam. Since the table is 


based on M 


wP 


for simply supported beams, deduct 20% from the above 


amount. Hence the safe load is 4000 - 800 — ,^200 pounds. 


EXPERIMENTS UPON REINFORCED BEAMS 

Tests upon reinforced concrete beams have been conducted at various 
universities in the United States, and by leading scientists in Europe. 
Valuable data with reference to the location of the neutral axis, the defor- 
mation and the ultimate loads with various ])erccntages and classes of steel 
have b(*cn recorded* in the United States by Professors Hatt, Howe, lainza, 
Marburg, Talbot, and Turncaure, and in Europe by Messrs. Considere, 
von Em])erger, Ferct, Rabut, Ramiscli, Ribera and Sauciers. An extensive 
series of tests has been c arried on at the United States Government Struct- 
ural Materials Testing La I )ora lories at St. Louis, using cliffenmt materials, 
different methods of manufacture, and different types of reinforcement. 

Special results of many of these leasts have been mentioned in the preced- 
ing pages. 

Tests of Prof. Arthur N. Talbot. At the University of Illinois, Prof. 
Talbot has made several valuable .series of tests t<> investigate the laws of 
reinforced concrete, which cover an exceedingly wide range of percentages 
of steel and types of reinforcement. These are described in detail in 
various bulletins of the Universily-f 

The fundamental principles of rectangular beams arc illustrated in some 
of the earlier exi)crimcnts which are summarized in the following table. 
Although a leaner mixture of concrete was used in these than in his later 
tests which, therefore, corrcs()ond more nearly to practical construction, the 
principles arc not affected. The proportions in these beams were i :3;6 
based on loose measure of cement, or about i : 3i : 7 based on a unit of 
100 pounds cement per cubic foot. The beams were 15 feet 4 inches long, 
12 inches wide, 13^ inches deep, with the reinforcement 12 inches below 

♦ See also References, Chapter XXXI. 

'I' Bulletin No. i, Sept. 1, 1904; Bulletin No. 4, April 15, 1906; Bulletin No. la, Feb. 1, 1907; 
Bulletin No. 29, Jan. 4, 1909. 



Beam Xo, 


478 


A TREATISE ON CONCRETE 


the upper surface. These were tested on a span of 14 feet by two loads 
which divided the span into three equal parts. The exact proportions of 
the concrete were 96 pounds Portland cement to 3 J cubic feet sand to 6 J 
cubic feet broken stone. The sand was well graded in size of grains and 
weighed 115 pounds per cubic foot loose and dry. The stone was Illinois 
limestone, with particles smaller than \ inch and coarser than ij inches 
scrcene{l out. I'he consistency was such that the water flushed to the 
surface under light ramming. The crushing strength of 6-inch cubes at 
the age of 60 days averaged 2030 pounds per square inch. 

I'ypical deformation and deflection curves are given in Fig. 130, page 489. 

Prof. 'Falhot gives the following description of the manner of failure of 
each beam except those numbered 27, 22, and 28, which crushed at the 
top at maximum load: 


Tests of Reinforced Concrete Beams, 


By Arthur N. Taluot. (See p. 479.) 


Kind 

of 

Steel. 


(>)l 

(2) 

21 

Round 

19 


16 

Scpi.irc 

17 

27 

“ 

9 

Ransonic 

15 

l'h.u her 

10 

“ 

22 

K.ihnt 

4 

*4 

5 

•* 

28 

Johnson 

*3 

20 

«4 

2 

*• 

7 

«» 

3 

«< 


|(i),(4)i(5)| (fi) 

S i ;o.';0'O.oo4i 
S \ '.o-.sy 0,0041 


^ rt 

o s 

5 


11 


o.oo«;2| g Qooi g g'.>O;0,o^)!? 
o-oos*^' 10 ccKt g 5 JO o.o«.o 
o.oi5fi'2(j goo 25 ooo!o.o()6 


i 0.75 

? 1.20 
i 1.20 

■ 2.40 
jj.oo 

I I .tK) 
'■ 1 .20 


2.10 

1.40 

t.OO 
I 00 
| 0.<)0 
0.f)0 


I 

10.0052! 22 8oo| 18 OOo|o.l42 


o 00S3 
10.0083 


lb. 


(7) 

9 oooj 
g 200! 


c</. 


Kalio of flei>th of 
stivl to depth of 
neutral uxi!> 


(8) I |(io) 

8 ojo o.o(»()5 0.3 \ 
g 200 0.075 c; 0.3O 


18 400 15 5001 
16 <KX)| 14 5001 


0.37 

o 37 

0.53 


10.0715 o 41 
0.0O5 0.43 


o.ojfi7|24 400:22 000 0.064 
o.oi3g|2{ 000! 21 ooo[o.o<Hj 
0.0 1 1 r, 1 7 • 

0.00831 1 5 


200 1 7 000 0.062 
oooj 13 000 0.0625 


0.0152; 34 300 31 ooo'o.ioi 
0.0007 20 000 77 500 0.1 II 
0.0060' 20 goo JO ooo!o.i 32 
o 0069' JO (K 30 ig ooo'o.i 10 
0.0042jl4 000 t3 00oIo.II75 
0.0042:14000 I2 000'c 1065 
i Avcrattcl 


o 57 
0.47 
0.46 
0.42 

0.53 

0.45 

o 44 
0-.TO 
o 33 
0.31 




I" 


•S 


(n) 

p.33 


(t2) 

| 0 - 3 t 

0-33 


0.36 'o 35 
[o 0 [0 3^ 
0.54 |o 54 

0.36 


0-35 


0.43 

,0-43 


[0.41 
o 41 


o 55 lo «;6 
0.52 !o 

0.48 jo. j6 
0.43 jo.41 

o 53 
o 43 
0.30 
0.30 
0.33 
0.33 

o.4tl 


[0.53 
o 46 
0.41 
0.41 
|o.33 
I .0-33 
|o.4i8'o 422 


^ g 

H I 

1 

r3 G 

B ’’V 

'3 g 

in. 11) 


|i 

« Pis'" 

IC " 

o '7 
in. lb. 


(13) I (ifl ^ 

j6i oooj2 j 6 ^ooo 
jg4 600. jjO 8go6 

313 2001284 loob 
302 0001284 7oo/> 
7-’S 5oo'774 00o// 

C40 000 174 50or 


466 000’ 
438 000 1 


443 300* 
443 soob 


Keniarlwb. 


641 OO0I786 700 fl] 

615 ooo!7I4 8oo/» 

505 X001580 400/; 
396 0001443 2oot 

S03 5001768 7oofl 
800 500:681 400(1 
503 50 o'6i 5 600a 
565 50 o; 6 i 5 6ooa 
401 000I384 400c 
37.3 000:384 400c 

506 oo6i507 388 


2 bars turned up 
2 bars turned up 

2 bars turned up 
2 bars turned up 
2 burs turned up 

8 stirrups 

2 bars turned up 

2 biirs turned up 

Bars .sheared up 
B.'rs sheared up 
Bars sheared up 
Burs sheared up 

4 bars turned up 

1 bars turned up 

3 bars turned up 
Horizontal bars 
Horizontal liars 

2 bars turned up 


Note: — Columns (6) (ii) (12) and (14) have Ixicn added by the authors. 

♦As calculated hv Prof. Talljot. Based on “laiad Considered” column (8). 

а. Ba.scd on crushim; strength of concrete of 2 030 lb. per square inch because the moment thus obtained 
is lower than the moment based on yield point of steel. 

б. Based on yield i»int of steel as 36 000 lb. per square inch, 
c. Based on yield ixiinl of steel as 60,000 lb. tier square inch. 

fNet areas of steel in Kahn bars at load points are lower than gross areas given, so that 
moments of beams, 4, 14, and 5, by corrected computation are much higher than shown in col. 13. 
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A portion of the data resulting from the experiments is tabulated above. 
Column (lo) is taken from a separate table of Prof. TalboPs * * * § and 
columns (ii), (12) and (14) are added by the authors to compare the 
actual tests and the theory adopted in this treatise. 

Prof. Talbot suggests an empirical straight line formulaf for the location 
of the neutral axis with different percentages of steel, which avoids the more 
intricate calculations necessary with the usual theoretical formulas involv- 
ing the modulus of elasticity. Adopting the same notation employed through- 
out this treatise (see p. 420), lec 

k «= ratio of depth of neutral axis to depth of center of gravity of steel. 
p = ratio of area of section of steel to area of section of beam above center 
of gravity of steel. 

Then with a slight change to conform to the use of a ratio of i5t 

k = 0.24 + 18 ^ (58) 

Column (12) gives values of k calculated from this formula, using 0.26 
for this concrete instead of 0.24 The formula is adapted to concrete 
beams with percentages of steel ranging from 0.006 to 0.012. 

One of the most important conclusions in the authors^ opinion, which, 
may be drawn from Prof. Talbotts tests, is the fact that computations made 
by the ordinary theory adopted in this treatise pnxluce values for the 
neutral axis, and also for the ultimate moment of resistance, which are 
so near to the experimental results that these theoretical formulas (see 
p. 420) may be employed with confidence. 

Calculating the location of the neutral axis by formula (6), page 420, and 
employing a ratio of the moduli of elasticity of steel to concrete of 20, — 
which Prof. TalboPs tcsts§ of elasticity show to be an average value between 
loads of 1 000 and i 700 pounds per square inch (stresses which correspond 
to the compression in the beam when the neutral axis is as given), the 
theoretical distances given in column (ii) agree almost exactly with the 
actual measurements in column (10). The moments of resistance calculated 
in column (14) also agree closely with the total bending moments in column 

(13)- 

T-Beam Tests by Prof. Frank P. McKibben. The T-beams tested 
at the Massachusetts Institute of Technology were made of concrete 

* University of Illinois, Bulletin No. i, September, 1904. 

f Prof. Taibot gives the derivation of this formula and a theoretical discussion of his tests in 
Journal Western Society of Engineers, August, 1904 

X The constant in Prof. Talbot’s original formula ^as 0.26. 

§ Journal Western Society of Engineers, August, 1904. 
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mixed in proportion i : 2 : 4 by volume based on a unit of 100 pounds 
cement per cubic foot. The stone used was crushed conglomerate well 
graded, the range of sizes of particles being from to inch, while the 
sand was a mixture of coarse and fine sands in e(jual parts. The steel 
reinforcement consisted of plain round bars ranging in size from IJto i 
inch in diameter. The age of beams when tested was about 30 days. 
Their dimensions were as follows: span 12 feet, total dey>th ii inches, depth 
to steel 9.5 inches, thickness of flange 3 inches, breadth of stem 8 inches, 
breadth of flange 2 feet. The percentage of reinforcement varied from 2.22 
to 3.12 per cent based on the width of the stem, or from 0.74 to 0.104 
per cent based on the width of the flange, using in both cases the depth 
to steel in computing the area of concicte. The following table gives the 
results of the tests. 


Tests of Reinforced Concrete T -Beams 
By Frank P. McKibben. (See p. 479.) 
Mcusachiiaelta Inatitute of Technology 



a Ba.se(i on stress in steel obtaincil from last measurement. 
b Based on crushing strength of concrete, since beam failed by compression. 

Note: In figuring the moment of resistance the computed depth of neutral axis for /} •* 15 was used. 
Percentage of steel in terms of width of flange is § of the values in col. (5). 


. The tests compare well with the results obtained from the formulas given 
on page 420. The stresses in steel, determined by measurements of stretch, 
do jyot vary appreciably from those obtained from the formulas. Beams 
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.No. 4 and 5 failed by compression in the concrete, and the compressive 
stress in beam near to failure agrees quite closely with the strength of the 
prisms made of the same mix of concrete. A difference in d('flection of the 
stem and the flange was detected by the tests, which indicates that the com- 
pressive stresses are not uniform throughout the wliole width of the flange. 
This, however, in practice is undoubtedly more than balanced by assuming 
a width of flange smaller than the width of slab that actually assists in taking 
the compression. First cracks occur, as evident, at very low stresses, but 
they are very minute and almost invisible and their [)resence is not dan- 
gerous. 

Tests of Repetitive Loading of Reinforced Concrete Beams by Prof. 
H. 0 . Berry. Fatigue tests of reinforced concrete beams made by Prof. 

Fatigue Tests of Reinforced' Concrete Beams. Size of Beams: S" X ii'*. 
Span: jj ft. Age: 6 Weeks 

By H. C. Bcrky 

University of Pennsylvania. {See j). 481) 
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H. C. Berry* at the University of Pennsylvania in 1908 indicate that as 
many as one million repetitions of high working stres.ses do not materially affect 
the ultimate strength of a reinforced concrete beam, its maximum deflection, 
or the position of its neutral axis. Duplicate beams were made of concrete 
mixed in the proportions of i part cement, parts bar sand and 4^ parts 
J-inch crushed granite and were reinforced with plain and deformed bars. 
These beams were, tested when 6 weeks old, one being subjected to a repe- 
titive loading sufficient to cause higher stresses than ordinarily allowed in 


* Engineering Record^ July 2$, 1908, p. 90. 
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good practice, and then tested to failure, while the other Was broken in the . 
ordinary manner. 

It was evident that the greater part of the set in the deformation in the 
plane of the steel occurred in the first few thousand applications of the load 
and that the set in the deformation on the compressive side of the beam 
was also relatively large for the first few thousand re{)etitions and increased 
with the stress ai)plied and the number of repetitions. 

The stresses realized and the deflections resulting from the repetitive 
loadings are shown in the accompanying table on page 481. The breaking 
strength of the beams sustaining the repetitive loading is substantially the 
same in every case as the corresponding beam with no appreciable repeti- 
tions. 



Fig. 151. Fatigue of Reinforced Concrete Beams. {See p, 482.) 

By Prof. T. L. Van Ornum. 

Comjiression tests by Prof. J. L. Van Ornum* at Washington University 
made in 1 907 agree with the above tests for repetitive loadings under 50 per 
cent of the maximum strength of the concrete, but for repeated loads greater 
than this he found that beams will be subject to failure. He concluded 
that the number of repetitions required to cause this failure depended 
essentially upon the ratio of the test load to the ultimate strength of the 
concrete. In these tests, as will be seen from the curve in Fig. 151, which 
summarizes graphically the results of these experiments, the influence of 


* Transactions American Society Civil Engineers, 1907^, LVIII, p. 294. 
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the fatigue of concrete is limited to an intensity of about 50 per cent of the 
ordinary ultimate strength of the concrete. 

Tests at Illinois University, at St. I^ouis,* and elsewhere confirm the 
principle illustrated and show that there is a fatigue limit to concrete corre- 
sponding in a general way to the elastic limit of metals. This varies with 
the character of the concrete from J to J the ultimate strength. Prof. Talbot 
finds in columns the deformation to be a measure of tliis fatigue limit, the 
latter usually occurring at about i the ultimate deformation. 

Tlus fatigue limit of concrete, while it does not intluence the practice of 
conservativedesign, is a warning against the use of too high working stresses. 

FLAT SLABS 

Besides the usual systems for floors, using a combination of slabs, beams 
and girders, a floor system of a type of an entirely different design is some- 
times employed, which consists of a flat unribbed slab continuous over the 
whole floor and supported by columns only. The type original ly introduced 
by Mr. C. A. P. Turner of Minneapolis is sometimes termed the Mushroom 
System. 

The reinforcement of tire slab consists of bars running in four directions 
radially from the column, and the head of the column is usually enlarged 
in order to diminish the bending moment and incrcas<' the shearing resist- 
ance. The vertical steel in the column reinforcement or a portion of it 
may be bent and carried into the slab to add to the rigidity of the connection. 

The moments and stre.sses in this system arc statically indeterminate, but 
in order to make an application of the theory of flexure possible, the whole 
floor is considered as a series of flat circular slabs concentric with the 
columns and firmly clamped to them, supporting the rest of the floor. Thus 
the analysis of the whole floor is reduced to that of circular plates clamjied 
to the columns, and flat slabs supported on all edges by these circular plates. 

Let Fig. 152 repre.sent a floor of this .system, and consider the strip ab as 
separated from the rest of the floor. This stri{) wdien loaded will act as a 
fixed beam. The points of inflexion wall be distant approximately one-fifth 
of the span from the circular lines of assumed support, which are the 
lines of maximum bending movemciil. The points of inflexion of the 
floor will thus be located on the dotted curve shown on the drawing. 
Instead of this curve we may assume the points to be on a circle, repre- 
sented on the drawing by dash lines, and consider the area within this 
circle as a round plate, loaded with a uniform load over its area and in 
addition loaded around its circumference with a load winch, per unit of 


Bulletin 344, U. fe>. Guulugicul Survey. 
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length, is equal to the remaining load of the panel divided by the circum- 
feirence of the circle. 

The part of the slab between the column and the points of inflexion will 
deflect downwards, while the rest of the slab will deflect as an ordinary 
supported beam. 

The authors have adopted Prof. Eddy’s analysis of stresses* in a homo- 
geneous circular plate, and, from his general formulas, deduced formulas 
applying to circular slabs free on their outer edge and clamped round the 
column. In this analysis the effect of lateral stresses has been taken into 
account, this being expressed by Poisson’s ratio, which is the ratio of the 
lateral deformat ion to that in the direction of stress. Very few tests have 
been made to determine the value of Poisson’s ratio, and the results ob- 

^ tained vary considerablyr 

/ 

/ 

h 


Many of the earlier tests give 
as high as 0.2, but, since 
‘-(mie of the be^-t experiments 
in our American colleges in- 
dicate a value ranging, with 
concrete of different propor- 
tion*- and strength, from 0.05 
to 0.1$, the ratio of o.io is 
recommended for use with 
concrete where the correct 
value is unknown, as being 
undoubtedly safe for con- 
crete of 1:2:4 proportions. 
It must be noted that the in- 
crease of Poisson’s ratio tends 
to diminish the deflection and 
thus decrease the stress. A 
high Poisson’s ratio therefore 
means a thinner slab and 
less steel. 



y yTHeoretical tine 
Column head^/y of inflection 

^Assumed line 


Fig 152. 


tsumed tine 
)f Inflection 

Plan of Flat Slal). {See ^.483 ) 


The meaning of Poisson’s ratio as applied to a loaded column is the 
lateral deformation per unit of width divided by the longitudinal deforma- 
tion per unit oi length. For example, if a certain load causes a lo-inch 
column to expand laterally 0.0003 inches, while at the same time it shortens 
0.03 inches in a gaged length of 100 inches, Poisson’s ratio for that load- 
ing is ^ ^ j In a, slab supported on columns there is a 

similar condition of deformations caused by horizontal stresses at right 
angles to each other which are taken into account in the mathematical 
work involved in the derivation of the formulas. 

'Phe general lormulas derived from the Eddy theory are complicated 
even after introducing a number of constants, but, disregar&ng the 
circumferential moments, which at the support are a minimum and 


^Knglaoera* )Soctot>. University of 1899 . 
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negligible, it is possible to reduce the working formula for the moment 
at any circle whose radius is r to the following simple form.* 

Let 

q s* uniformly distributed load around the outer edge of the plate in 
pounds per foot of length. 

w *» uniformly distributed load on surface of plate in pounds per sq. ft. 
fo == radius in feet to line of maximum bending moment (which is within 
the column head). 

= outer radius of assumed plate in feet, 
r = any radius in feet where moment is to be computed, for critical 
section, r is radius of column head. 

Cfii Ce = constants given in Table g, p. 518. 

== total radial bending moment to be used ordinarily. 

1 1 = distance in feet ])etwecn lines of inflection. 

Then total radial moment at any point of plate is Mr~-wrl C\ qr^Ce 



The values of C5 and Cey as determined from and r„, are ob- 

tained from Table g, p. 518. If q is in pounds per foot of length, w in 

* The more compU'to form 111 t» which ni'iv bp uw<l 'With t ho nUl tublo on pago 518a If outside of 
the llmPsof the >nluoson pagoSlSarottnlolIows 
In addition to above notation, let 

Ci, Cs, ( 9, Ct, Ca, Cft, Cr, ( d, — consUnts gueii in I ibic 0 p .IlSi 

Q aa PolSSflu’s r.ltlo 

My « iiuuiient causing clrcuuiferouH d fibei stu-sM , unifoniil> Jlatrlbuted over plate 

Mi •“ moment c.iuslng radial fiber sirens j 

M„ = moment causing cln umferenluil filler Btress 1 p loading dlstilbuteil along edge of plaU* 

« moment causing radial filler stress * » « t 


Then 

{“■ (O’- (-t)' (rl) 

f54J 


Jo. (^)-H r. (”»)'- r.'o« t-r,} 

(55) 


-v. - [-C. (^) } 

(68) 


- "'o 1 + } 

(57) 


Tha Mr In text above la tlw sum of and Mf, which are the oiil> momenta which need to lie 
oonaldcaed In practical design. 


I£ JL « 1 , formak^ (55) and (57) become 

T9 

;iri-icir,»(0.2+Cr, + Cf) .. ..(«) .1/^ (C, -f Cj,) . 


( 03 ) 
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pounds per square foot, and in feet, the moments are in foot pounds 
per foot or inch pounds per inch. 

If the column head is enlarged so as to be comparatively thin at its 
circumference, a part of it is flexible and must be considered as a part 
of the slab so that the assumed line of support at which the slab may be 
considered as rigidly fixed is within the column head.* 

The assumed line of supi)ort should coincide with the line of maximum 
bending moment. Its location dept iids upon the dimension and design 
of the column head and must be chosen by judgment rather than by 
computation. For ordinary conditions, it seems reasonable to consider 
this line of maximum moment as located within the column head at a 
distance from the circumference equal to the thickness of the slab; the 
radius ro in such a case would be a length, t, smaller than the radius of 
the column head. 

The maximum stress will not be on this line of maximum bending 
moment because the strength is there increased by the greater thickness 
of concrete. The maximum stress, therefore, will be ordinarily at the 
circumference of the column heild.t Hence, for computing the bending 
moment at line of maximum stress in slab, r = ro + t. (See Example 14, 
page 487.) 

As in a fixed or continuous beam, the top of slab at support is in 
tension, and the bottom in compression, i. e. the moment is negative. 

The thickness and reinforcement of the slab arc found as in ordinary 
beam and slab design and. illustrated in Example 14, page 487. The 
limiting thickness of slab is usually determined by the thickness re- 
quired near the column to resist the negative bending moment there. 
It is advisable, then, to make the slab near the sui)port as thin as pos- 
sible by using a rich concrete and a larger amount of steel and by plac- 
ing some steel in the bottom of the slab for compression. 

It is common practice in flat slab floor construction to place the steel 
in the top of the slab in four layers, two diagonal and two rectangular. 
The authors advise, instead, placing only the two diagonal layers of 
steel in the top of the slab for tension, as shown in Fig. 152a, page 485 
and illustrated in the example, and the two rectangular layers in the 
bottom of the slab. By this plan the bottom steel assists in taking 
compression, and the centers of tension and compression are brought 
farther apart, thus increasing the values of d and jd for a gi\ en thick- 
ness of slab and therefore permitting a thinner slab foF a given loading. 
Tests show that the steel may be distributed over the full diameter of 
the column head plus at least a distance equal to the thickness of the 
slab on each side of it. 

A value for compression in concrete, /c, higher than in beam construc- 
tion is permissible, and a lower value of n, because of the rich concrete 
mixture and because of the fact that the maximum stresses occur near 


*Evon In ordinary beam .and alab desiicn. the lino of aupport Is customarlb' assumed within the 
structural support. 

fSlnco ovolvluK this analysis, the aotiuil stresses In the Minneapolis building tested by Mr. A. R. 
Lord and descrll>ed l)oforc the National Association of Cement T'aers In December. IftlO, have been 
compared with the stresses computed by the above formulas and the results tend to confiim, from a 
pcgetloal standpoint, the coireotness of our formulas and assumptions. 
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the support, where the concrete bears on a larger area, and for this 
reason is able to stand, say, 1 5 per cent higher stresses than in the mid- 
dle of the beam. It is advisable, however, to fix a maximum stress of 
800 pounds per square inch even with a rich concrete of proportions 
say 1 : 1^:3. 

The slab between the circular plates may be considered as supported 
on all edges. From Fig. 152 it is evident that the largest deflection and 
the largest positive bending moment occur in the middle of the panel, and 
may be safely taken as those of a square jdate supported on all edges, the 
side of which is the diagonal distance between the lines of inllection. 
This distance, /j, between lines of inflection may thus be taken as the 
span, and thickness and reinforcement at the middle computed very 

conservatively bv the formula* M — — ?. 

24 


EXAMPLE OF FLAT SLAB DESIGN 

Example 14: Design a HuL slab to supptirt.a live load of 200 pounds per square 
foot; sparing of columns 17 by 17 feet; diameter of head 54 inches. Assume working 
stress in steel, /s — 16 000 pounds per square inch; in concrete at sui)i)ort,/c =* 700 
■b iS% = 800 iv)unds per s(iuare inch; and Poisson's ratio, g — 0.1, allowing for a 
rather rich concrete. 

Solution: The slab will be considered as a flat circular plate fi.xcd to column and 
supporting at its circumference the rest of floor, as outlined on page 4S3. The radius, 
fo, to line of ma.ximum bending moment will be taken as the radius of the column 
head minus the thickness of slab, to = 2.25 — .67 = 1.58 feet, and the outer radius 
of plate, ri, will be taken as the average distance of the points of inllection of the slab 
from centers of columns. The radius, ri, is thus onc-fifth of the distance between lines 

of maximum bending moment plus ro, hence, ri minimum — Li — -f 1.58 = 4.3*; 

S 

feet, and fi maximum =- L-f 1.58 ■= 5.75 feet, the average value of n is 


= 5,05 feet and the ratio of radii is*' = ^ f = 3.20. 
2 r^^ I 58 


Live load = 200 lb. per sq. ft., assumed dead load == 100 lb. t>er stj. ft., giving a 
total unit load, w, of 300 lb. per sq. ft. 

Area of slab is 17 by 17 = 28g sq. ft. and area of circular i)late 5.05* X 3.14 ~ 80.1 
sq. ft.; hence, the difference of the two areas, 2o<S.q sep ft., is the area of slab tributary 
to each column outside of assumed circular plate. The loading of this area is sup- 
ported around the circumference of the flat plate, and equals 208.9 X 300 *=62 700 
ib. Dividing this value by the circumference of the outer edge of the plate giv^es the 
circumferential unit loading, q == iq8o lb. per lin. ft. 

Line of maximum stress is at circumference of column head hence r — 2.25 and 
ratio of r to fo — 1.42. 

From the corresponding constants in table on page 518, the bending moment at the 
circumference of column head is Af == (300 X 1.582X1.89) + (1980 X 1.58 X 2.54) — 
9400 in. lb. per inch of circumference. This is a negative moment, the top of slab 
being in tension and the bottom in compression, as in any fixed or continuous member 
at the support. 

If steel is used only in top of slab, the depth, reinforcement, and thickness of slab 
maybe determined from the ordinary slab formula, page 421, using the toud Af given 
above, after changing it to inch pounds per foot. If steel is used in both top and 
bottom, the required depth and reinforcement may be determined by formulas (18) and 
(20), page 428. In the present case, ij% of steel will be placed diagonally in two 


*Te8ts of the Mlnneapoltfl building (soo foot-note p. 486) show that »iro8soH at middle of efian are 
small 80 that this formula Is conservative. 
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layers at top and 0.7% of steel rectangularly in two layers at bottom; hence, using 

formula (18), page 428, and table on page 517, with ratio o = 0.15, d « *%/-- 

^ oOO X 0.24 

7 inches, requiring a slab thickness of about 8 inches. 

The total amount of steel required in top of slab at column is ^ 4 , = 27 X 2 X 3.14 
X 7 X . 0137 = 16.3 sq. in. Each of the two layers is effective on both sides of column, 
hence each layer must have 16.3 -r 4 = 4.08 sq. in. Total width of layer or band 
is taken as the diameter of column head plus twice the thickness of slab, or 70 in., 
and, using J-inch round bars, they would be placed 3^ in. apart At the bottom of 
slab at column, the |-inch round barb would be placed 7 in. apart. 

Several trials must usually be made to determine the most e( onomical relation of 
the amoimt of steel and concrete. It should be borne i n mind thu t the increase of rein- 
forcement for a short length over the support decreases the thickness of entire slab, 
reducing the amount of material and at the same time the dead load and the moment. 
Hence, a larger percentage of steel than us(‘d in beam and slab design and the intro- 
ducing of steel at the bottom usually will pni\e economical. 

The diagonal distance, /i, between lines of inflection is 24 — lo.i - 13.9 feet, and 
bending moment in middle of slab (see p. 487) is 

M ** ^ 29000 in. lb. i>cr foot of width. The effective 

24 

depth of slab, d, as determined by the neces.sary depth at support is 8 — i = 7 in. 


Then, fipm page 418, C 


« J L^X 49 ^ 0.142. 
’ 29000 


In Table rx (p. 520), p ~ 0.0035 corresponds to C — 0.142, hence, 0.35 per cent of 
steel in each diagonal direction will be necessar>, or J-ii't'h round rods 8 in. apart. 
In this case the rods would naturally be placed 7 in. apart as a matter of convenience. 


CONCRETE COLUMNS 


Columns of short length, essentially piers, the length of which is not 
more than six times the least lateral dimension, may be built of plain 
concrete with no reinforcement , provided the loading is central . Columns 
longer than this should be reinforced for safety in construction and also 
to guard against the ix)ssibility of eccentric loading and the danger of 
sudden failure. It is desirable to further limit the use of reinforced 
columns to a length of 15 diameters. 

Although concrete is especially adapted for sustaining compression, 
its compressive strength is so much lower than that of steel that in a 
building it is frequently difficult to keep the columns in the lower stories 
within the limits required by the uses for which the building is con- 
structed. 

To reduce the size of the column, four distinct methods are used either 
separately or in combination: 

(1) Rich proportions of concrete. 

(2) Vertical steel bars designed to assist in taking the compression. 

(3) Hooping or banding. 

(4) Structural steel shapes in combination with the concrete. 

Th^e will be considered in the order given. 

While as a general proposition concrete in compression is always 
cheaper than steel, the limits of size of column frequently make steel 
reinforcement necessary not only to resist bending^caused by eccentric 
loading or lateral pressure, but to take a part of the vertical compression 
load. 
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Whatever the type of construction, the effective area to use in figuring 
the compression should usually be less than the total area to allow a certain 
thickness on the surface for fire protection. The Joint Committee recom- 
mends that the protective covering shall be taken to ad^pthof i^inch on all 
surfaces, since in a severe fire the concrete to this depth may be affected by 
the heat and its strength destroyed. A less thickness than this should be 
sufficient where the contents of a building are not especially inflammable, 
a decrease in the total diameter or width of a column of i to 2 inches 
being frequently a fair allowance when com])uting the effective area. 

The steel, however, should in all cases be imbedded at least to 2 inches, 
and when circular hooping is used to add strength and ductility the effective 
area must be taken as that within the hooping. 

Rich Proportions of Concrete. The compressive strength of concrete 
is approximately proportional to the amount of cement which it con 
tains (see page 392), so that increasing the proportion of cement is an 
effective means of strengthening the column to permit smaller section. A 
rich concrete also has a higher modulus of elasticity and there is conse- 
quently less deformation under load* Besides this, a rich com rete works 
smoother in placing and makes it easier to produce a homogeneous column, 
provided the aggregates are pioj)erly graded. The strength of concrete 
for different mixtures is indicated on page 360, and working stresses are 
suggested on page 527. Before permitting the use of liigh column stresses 
in a structure, actual compressive tests should be made upon cylinders 8 
inches diameter by 16 inches high composed of the same materials to be 
used and mixed in the required proportions with the same wet consistency. 

Vertical Steel Bar Reinforcement. Tests of long columns made at the 
Watertown Arsenal,* the Massachusetts Institute of Technology,! and 
the University of Illinois,} indicate conclusively that vertical steel bars 
imbedded in concrete may be counted upon to take their portion of the 
loading. As a column takes its load, it is shortened in height, the concrete 
and steel, shortening equally because they are bonded together. The con- 
crete, however, has so much lower strength that it receives its allowable 
load before the steel can reach its full working strength. Consequently, 
the working load upon the steel must be figured at a low value, which is 
determined by the amount of shortening it has undergone up to the point 
where the concrete is shortened so as to reach its working strength. Since, 
with a given load, the shortening or deformation is proportional to its 

* Tettf of Bletab, U. S. A., 1904, 1905, 1906, 1907. 
f TraoMctioiif American Society of Civil Eng;iiieen, Vol. L, p. 487. 
i Vniveiitty of Ittinoia Bulletin 20, December »5, 1907. 
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modulus of elasticity (see p. 529), the working stress in the steel must be 
the working stress in the concrete times the ratio of the moduli of elasticity 
of steel to concrete, as indicated below. 

Although tests indicate that if vertical steel is placed at least 2 inches from 
the surface of the column, the elastic limit of the steel may be reached with- 
out danger or buckling, it is nevertheless advisable in almost all cases to 
place occasiona horizontal loops around the steel spaced at distances apart 
not greater than the width of the column as an additional precaution against 
the buckling of the rods, and also for the purpose of keeping the bars in 
place during the pouring of the concrete. The size and location of such 
loops arc discussed in connection with column design on page 624. 

Joints in the vertical steel when small diameter rods are used, say up to 
inch, may be provided for by lapping as indicated on page 464. Large 
diameter rods should have their ends idancnl true and butted with a sleeve 
around the joint, or should have some other posiiive connection. In foot- 
ings where the length of imbedment is not sufficient to take all the stress, 
a horizontal bearing plate must be j>ro\ddcd. 

Since the relative loading upon the steel and the concrete at any period 
is theoretically in direct proportion to the ratio of their moduli of elasticity 
at that period, and since full size column tests have borne out this assump- 
tion, the allowable loading, that is, the allowable unit pressure, is readily 
obtained as follows:* 


* From mechanics 


hence 


r. 


stress per square inch 
modulus of elasticity 
fa 


deformation 




deformation of steel and ' deformation of concrete. 


Since with perfect adhesion between concrete and steel all parts of the column must undergo the 
same deformation, 

/'. fc 


The allowable stress in steel is therefore the allowable stress in the concrete times the ratio of 
elasticity. For practical purposes the total loading must be introduced. Since the total pressure 
in the column must be the sum of the pressure in the concrete plus the pressure in the steel, 


and since — A — 2I. we have 


or fince p — 


f-fc 

~ - we reach the result 
A 


[( 


A - Ag 


A 



/“/cK* + 
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Let 


/ 


fc 

/; 


n 

P 

A 

A. 

A. 

P 


= allowable unit pressure upon the reinforced column, equal to the 
total load divided by the effective area. 

= allowable unit pressure upon the concrete of the column. 

= allowable unit pressure upon the vertical steel in the column. 


? ratio of modulus of elasticity of steel to modulus of elasticity 
Lc 

of concrete. 

load to be sustained by the column. 

area of total effective* cross-section of column. 

area of concrete in cross-section. 

area of steel in cross-section. 



ratio of cross-section of steel to total cross section of column. 


For determining the total allowable unit compression, / (which is the 
total load, Py divided by the effective area A) with fixed area of concrete 
and steel, we have 


A 


(59) 


In terms of the percentage of steel. 


/=/c[l + (»’- 0^] 


(.60) 


The percentage of steel to use to obtain total unit stresses when the com- 
pression on the concrete is limited to is 


/-/c 


fc (» - 0 


(61) 


and the effective cross-section of column is 


A 


P 

/.[i + (» - 1) p] 


(62) 


or A 


P 

f 


(63) 


To this area must be added the protective covering as indicated above. 


♦ S« page 407. 
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The tabk below gives values of / for different stresses and different 
moduli of elasticity 


Worhng Loads on Concrtte Columns Reinforced fVitk LongUtuUnal Rods 

{Seep 492) 


ALLOWABLF UNIT LOAD ON COLflblNS IV LB PER S(^ IV 


Ratio of Moduli, n — lo Ratio of Moduli, n -* 15 Ratio of Moduli, n •*- 20 


(•) 

(*) 

(3) 

( 4 ) 

( 5 ) 

(6) 

( 7 ) 

( 8 ) 

( 9 ) 

(10) 

(■>) 

(«») 

(< 3 ) 


’ fc - 

fc 

A - 

U - 

/« 

fr 

fc » 

A - 

U - 


fc - 

/c- 


45 ° 

SSo 

650 

750 1 

450 

SSO 

650 

75° 

4SO 

SSO 

650 

7SO 

0 01 

490 

599 

708 

' 817 

5*3 

1 627 

74* 

8SS 

53S 

654 

773 

892 

0 02 


649 

767 

885 

576 

704 

832 

960 

621 

7S9 

897 

> 03 S 

0 03 

571 

698 

82^ 

952 

639 

781 

923 

1065 

706 

863 

1020 

1177 

0 04 

612 

74 * 

884 

1020 

702 

858 

1014 

1170 

792 

968 

"44 

1 < 3 ^ 


Note — U se column (6) ordinarily for first class 1-2:4 concrete 


Examples on page 498 illustrate the use of these formulas. 

The table on p. 493 from tests by Mr James E Howard gives the relation 
of actual tests to theoretical computations based on a ratio of elasticity of 
15. It is noticeable that the actual strength is almost always more than the 
theoretical, and this is especially the case with the leaner mixtures because 
the modulus of elasticity of the leaner concrete is lower, and therefore the 
ratio of I $ is very conservative. 

An excellent analytical treatment of columns reinforced with vertical 
steel is given by Professor Talbot in one of his University Bulletins.* The 
problem is discussed briefly by one of the authors in a pai)er before the 
Boston Society of Civil Engineers f 

The analysis of the action of combined compression and bending, such 
as is produced in columns loaded eccentrically, and the method of com- 
puting the reinforcement in such cases is treated in pages 560 to 574. 

Hooped or Banded Columns. Mr A Consid^ in France was the first 
to apply to reinforced concrete the principle that if a material is confined 
laterally, it will deform or shorten less under vertical loading, and there- 
fore can sustain a heavier load before it crushes. This is the principle 
involved in the hooped or banded column. It is carried out in practice by 
placing steel bands or spiral hooping within the column designed to resist 
the lateral deformation. 

* UmVenaty of lUinoit, BuHetin No, », Feb. i, 1907. 

E. Thompton in Journal AMOoatioii Eoigiiieeniig Sooietie% June 1907, p. 31S. 
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Tests at the Watertown Arsenal,^ the University of lllinoisf and 
the University of Wisconsin, { 1906-1907, pmve that while hooping or 
^nding increases the crushing strength of the column, the defo rmation; 
that is , the shorte ning of the column, is so great at a com|kratively early 
period in the loading that the safe strength cannot be based directly upon 
th e breaki ng strength. 

A perfect iluid like water will transmit pressure equally in all directions. 
Concrete, on the other hand, under ordinary loading expands laterally a 
very small percentage of its vertical deformation or shortening (see p. 484) ; 
so that, even from a theoretical standpoint, the hoops should not come into 
play until the concrete has shortened so much that its elastic limit, or the 
perkxl corresponding to this, has been passed. § 


Strength o) Plain vs Vertically Reinforced Concrete and Mortar Columns. 
Columns is** x 12 ''. Height 8 feet Age of Mortar and Concrete 6 months 
Watertown Arsenal (see p 492) 


1 Plain 

PRO roHTio N ri etc 

f»r 

1 1 Mortal 

. 1 , Columns 

■fi ' 1 Actual 

S c Strength 

f § 2 lb per 

^ ^ s<i in 

1 RClNPOIiCl:.!) COLUMNS 

Ileinfoi cement j 

1 „ Actual 

1 Ratio stii'iiffth 

Area u, ‘ 

j Description 8tt*cl to 1 

1 Area | 

Column 

_■ 1 

I Computed ^ 

1 Strength | 
IjaMed on 
i^ol 14 ) 
ind a ratio 
of n 15 1 
Ib.p.sq in.i 

UCFIOUBNCB 

10 "ThBTS OF 
METALS" 

U B. A. 

(i)(*) (3) (4) 

(0 

(6) 

(7) 1 

(!>) 1 

(9) 

I 

2 

0 3070 

8-3'' round bars 

0 029 

4200 

4290 1 

190S P 377 

1 

3 

0 2380 

8-3" round bars 

0 029 

3840 

3320 1 

1905 P- 377 

I 

4 

0 t ‘;2o 

1 8-|" round bars 

0 02Q 

3580 

1 2120 ' 

^905 P 377 

1 

S 

0 1080 

1 8 2" round bars 

0 029 

2810 

1510 

1905 P- 377 

1 

5 

0 T080 

132'' round bars 

0 046 

3900 

I 780 

1905 P 377 

I 

I 

2* 1720 1 

1 4-3" twisted bars 

0 014 

2S9O 

2060 

1904 p 386 

I 

2 1 

3 * 1769 1 

1 4-3" twisted bars 

0 014 

2010 

2100 * 

1904 p. 386 

I 

2 

4 1413 

4 o"o.74" X 0 74" 



1 




1 

trussed bars 

0.014 

1900 

1689 

1006 p 538 

1 

2 

1 4* 1710 

4-}" twisted bars 

0.014 

► 1990 

2050 

1904 p 386 

I 

2 

41 " 2400 

8-3" twisted bars 

0.029 

3700 

3^60 

1907 p 24a 

1 

1 3 

6 1 1450 

8-|" corr bars 

0 019 

2290 

1 840 

1904 p 379 


1 






1906 p. S3S 


♦ to pebbles. 
fAge 17 months 22 days. 


The action of the hooped column as established by tests on long columns 
is discussed by one of the authors as follows:|| 

*Tett8 of Metals, U. S. A., 1906. 

fUniversi^ of Illinois. Bulletin No. 20, Dec. 15, 1907. 

tTVansactions Amencan Soaety for Testing Material, Vol. IX 1909. 

I See discussion by Sanford £. Thompson m Journal Association Engineering Societies, July, 
1907, p. 320. The ^ect of lateral expansion based on the action of plain columns is here treated 
biriore the publication of the tests of helped column which estabhshed the principle. 

{Sanford £. Thompson tn Transactions American Society of Civil Engineers, Vol. LXI, 

•JoCp-47* 
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When a load is placed upon the top of any column, it causes vertical com- 
pression or deformation, with, at the same time, a lateral expansion. The 
lateral expansion in concrete columns, as shown by tests upon plain and 
upon reinforced columns by Mr. J. E. Howard at the Watertown Arsenal* 
and by A. N. Talbot, M. Am. Soc. C. E., at the University of Illinois,^ 
is at first very small. Any stress produced in the steel hooping must be 
proportional to its deformation or stretching; hence, with small lateral 
expansion of the concrete, there can be but slight stress in the hoops. For 
this reason, and also because of the initial shrinkage of the concrete, which 

the lateral expansion 
must first overcome 
scarcely any stress or 
pull comes upon the 
hoops until the concrete 
within them has reached 
a loading equal to the 
breaking load in plain 
concrete. As this load 
is a])proached, the mod- 
ulus of elasticity of the 
concrete becomes very 
mucii lower, and conse- 
quently both the verti- 
cal and lateral deforma- 
tions become much 
greater. Then, and not 
until then, does the 
lateral pressure begin 
to act appreciably upon 
the hoops. In other 
words, up to the very 
crushing strength of 
plain concrete, the value 
of the hooping is act- 
ually negligible. From 
then on, the reinforce- 
ment takes practically 
all the load, and a high 
ultimate strength may 
DEFORMATION PER UNIT OF LENGTH bc attained, although 

Fio. 1 5 3. Deformation of a Hooped and of a Plain coincident with great 
Column.t (Seep, 4g4.) shortening of the 

column. 

Even with the concrete restrained within the hoops, the shell of concrete 
outside of them, which is necessaiy for fireproofing and for the protection 

♦ Tests of Metals, U. S. A., 1905, pp. 293-336. 

f Proceedings American Society for Testing Materials, Vpl. VII, 1907, p. 38a. 
i Columns 109 and 182 from Bulletin No. 20, Uoiyeraty of Illinois, December 15, 1907. 
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of the steel, begins to crack and peel at about the same load as that which 
will cause complete failure in unreinforced concrete. Professor Talbot, 
in fact, states as a general proposition that: “Cracking and peeling of the 
concrete appear at loads corresponding to the ultimate strength of the 
concrete.** 

Tests also indicate that the shortening of the column is so great that the 
elastic limit of any vertical steel rods is passed at a load hut slightly greater 
than that corresponding to the crushing strength of ])lain concrete. 

The typical deformation of a column reinforced with s[)iral hooping as 
compared with a column having no reinforcement is shown by the curves 
Fig. 153. Although the ultimate strength of tlie hooped column shown is 
3700 pounds per square inch, it will be seen that at a load of 1800 pounds 
per square inch, the crushing strength of the plain column, the curve drops 
off very rapidly and the line produced back to the axis of ordinates at A 
agrees very closely with the crushing strength of the plain column. At 
2000 pounds per square inch the deformation per unit of length is 0.0017. 
At this deformation vertical steel in such a column would be stnissed to 
51 000 pounds per square inch. In other words, at a load only 10% higher 
than that to be expected of a phiin column, even steel of a high elastic 
limit would liavc reached its yield point. 

The entire subject is treated very fully by Professor I'albot in the descrip- 
tion of his tests in the Bulletin from which the diagram is taken. 

Quoting again from Mr. Thompson’s Discussion before the American 
Society of Civil Engineers: 

Tentative conclusions with regard to hooped column design at the present 
stage of tests may be summarized as follows: 

(1) Hooping, if properly applied, increases the ultimate breaking strength 
under a single loading to double or treble the breaking strength of a plain 
column. 

(2) The surface of concrete outside of the hooping will begin to crack 
at a loading corresponding to the breaking load of an unhooped column. 

(3) Hooping, if not continuous or rigid, will jkjcI off with surface concrete 
so that the effective strength of the column will be no greater than a similar 
one of plain concrete. 

(4) The total vertical deformation of a hooped column is so great at the 
period of first external crack that any vertical steel, unless designed to carry 
the entire load, is stressed beyond its safe strength. 

(5) The ultimate breaking strength of a hooped column is no measure 
of its safe strength, and formulas based on the ultimate strength are useless. 

Notwithstandini; these conclusions it must not be inferred that hooping 
is of no value. It does increase the crushing strength, and thus adds 
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ductility to the column and ])ermits of a somewhat higher unit stress upon 
the concrete. The hoops also appear practically to affect the shearing stress 
so that the column acts more Vke a cube than like a long prism, with con- 
sequently higher strength. The Joint Committee conclude: 

The general effect of bands or hoops is to increase greatly the ‘‘toughness’’ 
of the column and jts ultimate strength, but hooping has little effect upon 
its behavior within the limit of elasticity. It thus renders the concrete a 
safer and more reliable material, and should permit the use of a somewhat 
higher working stress. The beneficial effects of “toughening” are ade- 
quately ])rovided by a moderate amount of hooping, a larger amount serving 
mainly to increase the ultimate strength and the possible deformation before 
ultimate failure. 

9 - 

The loadings suggested for use by the. Joint Committee are referred to 
on page 527. 

A type of formula suggested by Considfere for determining the ultimate 
strength of hooped columns is as follows* 

Let 

f ^ ultimate unit pressure upon the reinforced column, equal to the 
total load divided by the effective area in pounds per square inch, 
/g »■ ultimate unit pressure upon the concrete of the column in pounds 
per square inch. 

p « ratio of sectional area of longitudinal reinforcement to the area of 
concrete core. 

~ ratio of volume of steel hooi)ing in a given height of column to the 
volume of the concrete core in this height. 


Then 


/= 1-5 fe + 3 400 p + 5100 p' (64) 

Professor Talbot suggests the following formulas for ultimate crushing 
strength; 

/ fc + 6s 000 p" (6s) 

for columns reinforced with bands, and for those reinforced with spirals 
f fc + 100 000 p. ( 66 ) 

above formulas cannot bo safely used, however, for eoxnputint 
the working strength of hooped columns. 
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The Joint Committee suggest with reference to hooping: 

The effective area of the column shall be taken as the area within the 
protective covering (see page 489); or, in the case of hooped columns or 
columns reinfoic^ mth structural shapes, it shall be taken as the area 
within the hooping or structural shapes. 

. The Joint Committee also specify that the hoops or bands should not be 
cqunted upon dirortly as adding to the strength of the column. They suggest: 

Where bands or hoops are used, the total amount of such reinforcement 
• shall be not less than 1% of the volume of the column disclosed. The 
clear spacing of such bands or hoops shall not be greater than one-fourth 
the diameter of the enclosed column. Adequate means must be provided 
' to hold bands or hoops in place so as to form a column, the core of whicii 
shall be straight and well centered. 

Hooping then may be considered not as adding to the working strength in 
proportion to the amount of steel in the hoops, but rather as increasing the 
toughness of the column and reducing the danger of sudden failure, so that a 
lower factor of safety is permissible. In practice, to gain the benefit of 
this,, a higher working stress may l>c permittetl in hooped columns when 
reinforced with steel bands or hooi)s the total volume of which in a given 
length of column is at least i per cent of the volume of concrete within the 
hooping. 

Adopting the Joint Committee recommendations: 

Columns with reinforcement of not less than r per cent in bands or hoops 
may be given a working stress 20 per cent higher than for plain concrete 
columns. If working stress in plain concrete is taken as 450 pounds per 
square inch, the hooped concrete maybe thus given 540 pounds per square 
inch. 

Columns reinforced with not less than 1 per cent and not more than 4 
per cent of longitudinal bars and with not less tlian i per cent in bands or 
hoops may be givexi a working stress 45 t>cr cent higher than plain concrete 
columns. If the working stress in plain columns is taken as 450 pounds 
per square inch, the hooped and vertically reinforced column may be thus 
given 650 pounds per square inch plus the working value of the longitudinal 
rods as indicated on page 492. 


STRUCTURAL STEEL REINFORCEMENT 

' If the structural steel is designed to take all the load and then is simply 
fireproofed with a concrete covering, it is not reinforced concrete. When 
the structural steel 'is designed so that it takes a load in combination with 
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the concrete it may be termed reinforcement. In this case the steel is 
figured in the same way as vertical bars and the stresses determined from 
formula (6o), page 491. If, for example, the allowable stress on the con- 
crete is 450 pounds per square inch and a ratio of 15 is used, the steel can 
be figured only for a compressive stress of 6750 pounds per square inch. 

To utilize tlie full working strength of the steel, the plan has sometimes 
been followed of sei)arating the structural steel core from the concrete so 
that they will work independently, and designing the columns in the lower 
stories so that the steel will take the entire weight of the upper stories while 
the concrete surrounding the steel supports the weight of the lower stories. 

Structural steel reinforcement is sometimes in the form of a cross in the 
center of the column, or, as in the case of the Mc(}raw building,* channels 
connected by riveted latticing are placed and concrete poured within the 
reinforcement as well as providing a i)rotective layer around it. Stresses for 
this type arc suggested on page 528. 

' Testsf of columns reinforced with structural steel shapes frequently 
shew lower ultimate strength than similar columns reinforced with the 
same quantity of steel in the form of vertical round bars. This probably 
is due in part to the difficulty in properly ])lacing the concrete around 
the structural steel. 


COLUMN EXAMPLES. 

Example 15: ' What size of square column reinforced with 2 per cent of 
longitudinal bars without bands will be required to support a load of 94 000 
pounds? 

Solution: Ily paragraph (a), page 527, the allowable compression on 2000 
pounds concrete is limited to 450 pounds per square inch For this allowable 
stress, using 2% of longitudinal reinforcement and a ratio of moduli of 
elasticity of 15, the area of column from formula (62), page 491, is 

^ 94 000 

* *“ 450 (r + 14 X 0.02) 

*= 163 square inches, corresponding to 12.8 inches square. The denominatoi- 
of this expression may be obtained ilirectly from table on page 492. Allow- 
ing 2 inches for protective covering gives 14.8 inches, or, say, 15 inches square. 

Example 16: Find the diameter of a round column reinforced by i per 
cent of hooping only, designed to support a load of 1 20 000 pounds. Assume 
the allowable pressure on plain concrete as 450 pounds and a ratio of moduli 
of elasticity, n « 15. 

SolnHpn: The allowable unit compression on hooped columns may be 
increai;^ 20 per cent over that on plain concrete (see paragraph (b), page 527), 

H. Burr, Transattions American Society of Civil Engineers^, Vol. LX, 1908, p, 433. 

. fM. (V Withey in Engines ing Record, July 10, 1909, p. 41. » 



REINFORCED CONCRETE DESIGN 


499 

hence f — 4S«+ *«>% “• S40- The area of aection from formula (63) is 

^ lao 000 

^-~S 4 o- 

— 232 square inches, giving an effective diameter of i6.8 inches. Adding 3 
inches for protective covering gives a total diameter of 20 inches. 

Example 17: What sectional area of vertical steel will be required for a 
square column limited to 36 inches diameter, which has to bear i 000 000 
pounds with pressure in plain concrete limited to 450 pounds per square inch? 

Solution: By paragraph (c) , page 528, in a column reinforced with vertical 
bars and 1% of bands or hoops, the allowable pressure on the concrete may 
be increased 45% over that on plain concrete, hence /c “ 450 + 45% ** 653 
pounds per square inch. Considering the area within hooping equal to 33* 
1090 square inches as effective, the unit pressure from page 491, will be 

I 000 000 
' “ 1000 

— 918 pounds per square inch. Assume n =*15, then from formula (61), 
page 491. 

918 - 652 
^ “ 14 X 652 

« 0.029, areaof steel, A = 1090 X 0.029 “ 31-6 square inches. From 
table on page 507, it is found that 18 round rods inches diameter will give 
the required area. 

Example 18: What should be the area of a column ro feet high supporting 
r 000 000 pounds, reinforced with 3.5 % of longitudinal reinforcement ana 
1% of hooping for n = 1 5 and an allowable compression in plain concrete 
limited to 450 pounds? 

Solution: Since the column is reinforced with longitudinal and hooping 
reinforcement, the unit compression on concrete may be taken as /r 450 
+ 45% *= ^52 pounds per square inch (paragraph c, page 528). Then from 
formula (62), page 491, the column area is 

I 000 000 

"" 652 (i + 14 X 0.035) 

— 1030 square inches. The denominator of this expression may be ob- 
tained directly from table on page 492. ,/ 

REINFORCEMENT FOR TEMPERATURE AND SHRINKAGE 

STRESSES 

All masonry is subject to temjxiraturc cracks, but when they are distrib- 
uted in the many joints between bricks or stones they do not show so plainly 
as on the smooth surface of concrete. 

Expansion from a rise in temperature rarely causes trouble except at 
angles where the lengthening of the surface may produce a buckling or a 
sliding of one portion of the wall past the end of the other. In a building, 
the walls and floors are generally so well bonded together and free to move 
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as a unit, that no provision need be made for expansion. In a structure 
Hke a square reservoir, the effect of expansion must be taken into account 
An the design to prevent failure at the comers. 

Contraction is often more serious, although cracks are by no means neces- 
sarily dangerous To prevent crac king due to the shrinkage of the concrete 
in hardening (see p 287) or to the lowc ring of the temperature, reinforce- 
ment should be Inserted or joints formed to localize the cracks (See p. 

285) 

Reinforcement properly placed distributes the contraction stresses so 
as to make the t racks very small, practically invisible, but it does not prevent 
them entirely 

The steel must be sufficient in quantity, and should be of small diameter 
and })laced as dose as practicable to the suifaces to distribute the cracks 
and thus m ike them \ery fine Defornucl bars, that is, bars with irregular 
surfaces which provide a mcchanual bond with the concrete, are more 
effective than smooth bars, and steel of high elastic limit also is advan- 
tageous 

In practice, from 1*^0 of to /o of (a ritio of 0002 to 0004) of 
steel, based on the cross sedion of the concrete, is commonly used as tem- 
perature or shrinkage reinforcement 

The tensile strength of eoiu re te is so low that a small change in tempera- 
ture will crack it lor example, the (ocfficunt of expansion of concrete 
is o.ooooo5;5 (sec p. 287) and the modulus of ckislieil> is generally assumed 
as 2 000 000, therefore, the stress (sec p 404) per degree Fahrenheit is 
o ooooos*) X 2 000 000 =- II poundspers(|uar( ini h, and a f ill in tempera- 
ture of W = 27° is sufficient to crack a concrete the tensile strength of 
which is *^00 pounds per square inch 

It is cMdent, and it has been proved by exjierience, that there is less 
J cracking in (oneretc laid in cold than in warm weather 
I Longitudinal reinforcement is especially necessary in conduits which 
must be water-tight 

Shrinkage cracks due to the hardening of the concrete may be prevented 
* by keeping the concrete wet (See p. 287 ) 

It has been suggested b> Mr Charles M Mills that the relation between 
the tensile strength of the concrete and the bond with the bars is an impor- 
tant factor in governing the size of the tracks, and the following analysis, 
based on his suggestions, gives a means of estimating the size and dis* 
tance apart of the cracks so as to form a basis for judgment as to the sizes 
and jj^ripentages of steel to use 

Tte Ensile stress in the steel at a crack tends to pull out the bars f|om 
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^the concrete, and referring to Fig. 154, the bond stress of the bar in the 
length ab must equal the tensile stress in the whole cross-section of the con- 
crete at b caused by the contraction of the concrete. 

Let 

X « distance apart of cracks. 

D « diameter of round bar or side of square bar. 
p =* ratio of cross section of steel to cross-section of concrete. 

Then,* if, as is sufficiently accurate for practical purposes, the strength 
of concrete in tension is assumed to be equal to the bond between plain 
steel bars and concrete, the distance apart of cracks is 
D 

X = for square or round bars 

2p 

The distance apart is inversely proportional to the unit bond*, so that a 
deformed bar having twice the bond strength would si)ace the cracks 
one-half as far apart and allow them to be only one-half as wide 



Fig. 154 Reinforcement for Temperature Stresses (See p 501 ) 


It is evident that the distance apart of the cracks is proportional to the 
diameter of the reinforcing bars, and inversely proportional to the percent- 
age of steel. 

From this formula is tabulated the estimated jicnentage of reinforcement 
for different spacing of cracks and different sizes of bars, assuming the 
bondjng strength of the steel to the com rete to equal the tensile strength 
of the concrete. 


* In addition to above notation, let 
Ac ** area of section of concrete 
Af area of section of steel 
0 "• penmeter of steel bar 

fc tensile stress in concrete 

Then Ag fc ** h uox, or a? == 


u unit bond between plain steel and concrete. 
fc — unit tensile stress in steel 
D -= dnmeter of bar 


^ ^ fc 
u 0 


H/'c 


2 Af 

tt, flp e=» , and since p 

A * 




. Also,^ *» — for both round and square bars, hence v =- J - . 
e p 0 ^ j p 


A 

A 






A TREATISE ON CONCRETE 


502 

Estimated Percentage oj Reinforcement for Different Spacing of Cracks 


niSlANCE APART OF CRACKS WITH 


I 


PLAIN IIAH8 

... 

12* 

18 * 

2i* 

36 * 

00 

f.O* 



8* 

L2* 

IG* 

24 * 

32 * 

40 * 








c-f 

/O 

% 

C' 

/O 

C' 

/O 

% 

% 


■ 5 " 

1 . 04 

0 

0 

0.52 

0 - 3.5 

0.26 

0.21 


r 

1.56 

1.04 

0.78 

0.52 

0.39 

0.31 

Diameter of round or .*;ide of j 

1 ff 

1 

2 . oS 1 

I • 3 U 

I . 04 

j 0.69 

0.52 

0.41 

square bar \ 

r 

2 . 60 1 

1.74 

I . 30 

: 0.87 

0.65 

0.52 


1 r 

' 3-»2 

2 . 08 

I . 56 

! r . 04 

0. 78 

0.62 


1 r 

3-65 ! 

2.44 

I . 82 

1 1.22 

1 

0.91 

0.7.? 


l 

: 4.17 ‘ 

2.78 

2 . 08 

r -39 

1 

I . 04 

0.83 

. . _ . — . 






1 

_* . - 


Note: 'J'o express the steel as the ratio of area of eross-seetion of steel to 
cross-section of concrete, divide the ]>ercentages by loo; thus 1.04 becomes 
p = 0.0104. 


* Assuming the bond of deformed bars to be 50% greater than plain. 


The size of the crack i.s governed liy the amount of shrinkage and for 
cracks due to temperature changes may be estimated as the product of 
tlic cocH'icient of contraction (0,0000055) tke number of degrees fall 
in temperature hy the distance between (*racks. 

Estimated Width of Cracks for Different Distances Apart 

DISTANCE APART 


WIDTH KOU DIFFKKKNT TEMPER- i 

ATUUB CIIANGEH. ' 12 * IS* 21 * 36 * 48 * ‘ I 60 * 


30® b^ihr* ! 0.0020 0.0030' 0.0040; o.oo5g| 0.0070 10.0099 

50® “ i 0.0033 0.005 O' 0-0066 0.0099 0.0132 ’0.0165 

70° “ ' 0.0046; 0.0069 0.0092 0.0139I 0.0185 '0.0232 


From this, if it can be determined liow large a crack will be allowable, 
the corresponding spacing can be obtained. 

To avoid large cracks it may be necessary to use enough steel to prevent 
its passing its elastic limit. If the bars are continuous for such a length 
that the ends are practically immovable, as in a long retaining wall, a drop 

* 30° corresponds to a shrinkage of 0.017%; 5°* 'o 0.028%; 70® to 0.038%, 
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in temperature, tending to shorten them, produces a tensile stress which 
is independent of the distance between the restrained ends. Assuming 
the coefficient of expansion of steel the same as concrete and the modulus 
of elasticity of steel as 30 000 000, this stress is 30 000 000 X 0.0000055 
**165 pounds per square inch peT degree of temperature, or for5o°Fahr. 
is 8250 pounds per square inch. This is well within the clastic limit of the 
steel and would not, of itself, cause the steel to take a permanent set. How- 
ever, since the concrete surrounding the steel will be continuous except at 
certain cracks, the stretch in the steel may be unevenly distributed and 
largely confined to the immediate vicinity of the cracks. If cracks occur 
while steel is unstressed, through the concrete shrinking, the steel tends to 
resist the shrinkage by tension at the crack and compression at the center of 
the block of concrete, and the tensile stress will be equal to the compressive 
and each equal to one-half the tensile strength of the concrete. This may be 
expressed by the following formula, using the foregoing notation:* 


/; 


2/. 


/c 


Since the tensile stress in the concrete is liable to be low at the time 
shrinkage cracks are formed, it may be assumed, for illustration, as 200 
pounds per square inch making 

, 100 

T 

This represents the stress due to local cracks which is additional to me 
temperature stresses above described. The total stress is, therefore, for 

50° change of temperature 8250 -f- /' or 8250 + .If the elastic limit 

P 

of the steel is 40 000 pounds per square inch, and we must keep below this, 

100 

40 000 == 8250 + " and p = 0.0031 

P 

For steel, the elastic limit of which is 50 000 pounds per square inch. 


100 

50 000 = 8250 + - - and p = 0.0024 

These values of p represent the lowest theoretical ratio of area of cross 
section of steel to area of cross-section of concrete which can be used with- 
out the steel passing its elastic limit at certain of the cracks when the ends 
are restrained or the length is so great that intermediate parts are practi- 
cally restrained. 




AJ: or/; 




2p 


fc 


2 
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In view of the very slight stretch required to relieve the stress in the bars 
when the elastic limit is exceeded, and the probability of its distribution 
by the restraint to movement by the mass, it is not always essential to 
consider the elastic limit. 

> ’ ' I 

SYSTEMS OF REINFORCEMENT 

One of the earliest recorded examples of the application of reinforced 
concrete is a boat of concrete and iron, built by Mr. L. J. Lambot in France, 
and shown at the Paris International Exhibition in 1855.* In 1861 Mr. 
Coignct began his investigations, and in 1866 Mr. Monier, to whom the 
invention of reinforced concrete is often attributed, applied the combination 
of concrete and iron to various structures, and laid the foundation for its 
future widespread applications. 

As long ago as 1872, Mr. W. E. Ward,f at Port Chester, N. Y., built a 
house entirely of concrete, reinforced with iron I-beams and round rods. 

The rapid development of reinforced concrete has resulted in the intro- 
duction of numerous systems, many of them covered by patents, for arrang- 
ing the metal in the concrete, or for special forms of metal. These systems 
are fully described in the various French works on reinforced concrete.^ 

A few of the systems, representing both the arrangement and the form 
of the metal, are described below, and forms of metal extensively used in 
the United States arc illustrated in Fig. 155. 

Systems of Reinforcement 

Bonna, Metal of cruciform cross-section. 

BcrlinL Girder Frame, Horizontal temsion members with vertical stir- 
rups shrunk on to them. 

Chaudy and Degon, Cross rods passing under bearing rods, but looped 
up between them. 

Coignet. Round bars in top and bottom of beam connected by diagonal 
wire lacing. 

Columbian, Vertical steel plates with horizontal ribs. 

Cottacin, Round rods interlaced in the same manner as in wire netting. 

Cummings, Bars of different lengths having their ends bent to an 
incline and formed into a loop to resist internal stresses. 

Cup Bar, Special rolled section with longitudinal ribs connected at fre- 
quent intervals by cross ribs forming cup depressions. 

* Christophers Beton Arm6, 1902, p. 1. 

f Transactions American Society Mechanical Engineers, Vol. IV, p. 388. 

X See among others Christophers Beton Ann^, 190a, pp. iQ-71, and MoreEs Chnealt Armd, 190V 
l>p, 88 to 15a.' 
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De Man, Undulated Bars. (See^Fig. 155.) 

Diamond Bar, Bars rolled round with parallel ribs passing along and 
around the bar forming diamond-shaped shoulders on its surface. 

Donath, Inverted T- beams or I-beams connected by horizontal diagonals 
of light, flat metal on edge. 

Expanded Metal. Sheet steel, slit and expanded, so as to form a diamond 
mesh. (See Fig. 155, p. 505.) 

Ferroinclave. Sheet steel with inversely tapered corrugations to be cov- 
ered on both sides with concrete. 

Gabriel. Deft)rmed tension members with trussing of hard drawn wire. 

Ilahrich and Diising. I'lat metal twisted hot. 

TJenmhiquc. A combination of alternate straight bars and bars with ends 
bent up at an angle, with vertical U-bars, or stirrups, of flat iron passing 
around the straight bars and reaching nearly to the top of the beam. 

Herringbone Frame. Horizontal tension member with special attach- 
ments for stirrups. 

Holzer, .Metal in form of I-beams. 

Hyatt, Flat plates or bars set on edge and pierced with holes through 
which pass small rpund rods to form the cross reinforcements. 

Johnson, ^ Corrugated bars. (See Fig. 155, p. 505.) 

Kahn, Horizontal flanged bars with flanges sheared up at intervals. 
(See Fig, 155, p. 505.) 

Lock-Woven Steel Fabric. Steel wire mesh, locked at intersections. 

Lug Bars. Twisted bars with projecting lugs at intervals in the surface. 

Melan. Steel ribs, either I-beam or 4 angles latticed, imbedded in the 
concrete of the arch. 

M Oilier. Two series of round parallel bars at right angles to each other. 

Mushroom. Flat floor slabs supported by columns with enlarged heads. 

Parmley, Bars with bent ends, to place in the sides of a conduit or the 
haunches of an arch to resist tension. 

Rabitz. Various combinations employing galvanized wire. 

Ransome. Square steel rods twisted cold. (See Fig. 155, p. 505.) 

Roebling. Flat steel bars set on edge, clamped to supporting beams, and 
held in alignment by flat bar separators. 

Schiilter. Like Monier System except rods are placed diagonally. 

Scofield. An oval bar with projecting shoulders. 

JTluicher, Bulb bars. (See Fig. 155, p. 505.) 

Triangle Jlfc^A.v Wire mesh reinforcement with transverse metal placed 
diagonally. 

Tp/ksstt. Expanded metal or herringbone lath bent to V-shaped section. 

Visintini. Beams of concrete, cored out so as to form lattice girders. 

Welded Wire Fabric. Wire mesh reinforcement with wires at right 
angles to^ each other and welded at intersections. 













5oB 


A TREATISE ON CONCRETE 


BEAM AND SLAB TABLES 

Beam Tables. Tables 2, 3, and 4, pages 509, 510 and 511, give the load- 
ing and reinforcement for beams, based on i inch of width under different 
conditions. For a beam 10 inches wide, for example, both the safe load per 
linear foot and the steel area will be ten times the values given in the tables. 

The tables are for rectangular beams but may be used for T-beams 
which have a depth 3 or 4 times the thickness of slab b> taking the width 
of flange as the breadth, b 

Table 2 is for a simply supported beam and is based on a working com- 
pressive stress in concrete of 500 pounds per square inch and in steel of 14 000 
pounds per square inch — lower values than are customanly used in con- 
struction, but required in many building laws If the c ompression in con- 
crete is fimited to 500 pounds, while 16 000 pounds is permitted in the 
steel, use the same loading but reduce the steel in the ratio of 16 to 14 
Tables 3 and 4 arc for ordinary design, approved by the authors and 
corresponding to recommendations of the Joint Committee All tables 
are based on a ratio of elastuity oi n = 15 (See p 408) 

For other working stresses than those given, the loads may be multiplied 
by ratios of the values of the constant C in Table 10, page 519, since C is 
proportional to the load 

The uses of the tables are illustrated in Examples 12 and 13 As high 
steel IS not recommended for ordinary work on a small scale, no table is 
presented for safe loads for concrete reinforced with it 
Slab Table. Table 5 is for slab design with different working Stresses 
in the steel and concrete Ordinarily, the scries at the top of the second 

page of the table is used Note that the \ alues are based on — For 

10 

— , generally used where the slabs arc fully continuous over the supports, 

T2 

add 20% to the loads, leaving the area of steel as given For square slabs 
fully reinforced in both directions, the loads may be doubled, or if also 
fully continuous, they may be doubled and 20^/1 added also 

Table 6 is more convenient for review of beams already designed It 
is computed by using formulas (7) and (8) on page 753, and selecting 
the lower value of M, The most economical ratio of steel for the limiting 
stresses is p ^ 0.0077. For ratios lower than this the safe loads on the 
slabs are governed by the tensile strength of the steel, while for larger 
ratios they are limited by the working strength of the concrete in compres- 

sioiu 
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TABLE 3. USE ONLY FOR CORTIWUOUS BEAMS 

Safe Loading and Reinforcement for Rectangtdar Beams One Inch in Width. 1:2:4 Concrete. Mtld Steel. 

Based on n - i 5 . fc “ 65 o. - 16000. (See p. S08 and item i 8 , p. S19.) 
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5580 
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408 

363 

18 1 

1 
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10 
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3 j 

I 

0 IJI 

78 S 0 

II * II 
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47 ^ 

304 

311 

i55 

1 18 

94 
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3 » I 
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hS. •iSi 

a ; 
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?S 

6 
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6 
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lifl 
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91 

So 
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0 04 
0 24 S 
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0 

7 
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4 S 5 
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3 Hf 

23 

r 85 

iSS 
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1 1 x 5 

91 

90 
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26780 
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8 

1 S 95 

X 2 r- 
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619 

474 

1 
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1 

302 

2 S 7 

2,1 

1 

1 S 7 

xiS 
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1 2 Sf 

3 f 4 So 

i| 

e a. 

9 

‘’ 4 S 0 

1 SS 7 

1102 
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3 8 

27 C 

' 21 S 

'•OJ 

I 7 f 

1 r 6 

8 r 
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47610 

ooaAo 


L 10 

3 I 3 J 

3009 

1 395 ' 

TO 3 
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620 

41 S 
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297 

aSf 

221 

I 8 

9 T 

0 3 f 7 


a 4 

If I 

101 

3 

5 i 
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0 OJJ 
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171 

10 

87 
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7610 
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948 

18 ' 
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> % 
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41 S 
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X 3420 
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94 
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0 226 

16330 
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1318 

84 f 

S 88 
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36 r 
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17 S 

Jt 
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94 

77 

5 1 I 
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aSaSo 
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11 

7 

1898 

3584 
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37 f| 

1 

303 

232 
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i 57 
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90 
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0 31 S 
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8 

I 6 S 9 

844 

646 , 
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'»88 
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1 S 4 
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7 

Z 

0 395 

49680 

9 

3381 

axf 4 
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1104 
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1 668 * 

541 

417 

3 6 
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8 

Z 

0 43 t 
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1901 
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f 84 
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34 ^ 
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3890 


1 3 , 

334 
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1 09 
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2 ^ I 

0 162 

6430 

S 

34 

497 | 

1 ^”1 

391 

163 

124 

98 


93 ^ 

! 





*4 i 

0 198 

9550 

il 

4 

698 

449 ! 

311 

298 

175 

138 

III 






Sx' 

3i 

2 

I 

0 234 

0 352 



1 * 

8 x 0 

S 30 

361 

soS 

202 

160 

139 

107 

90 

1 



58 

3i 

io 58 

679 j 

47 * 

346 

364 

210 

169 

Z 40 

118 

zoo 

87 


64 

4 X 

0 288 

aojSo 

1 

6 

1653 

1062 

737 

540 ^ 

413 

592 

3*7 


3 T 9 

184 

1 S 6 

137 

117 

77 ' 

5 I 

0 160 

31800 

lA 3 

1 

9381 

1530 

1062 

778 

472 

180 

316 

36 f 

lit 

197 

169 

90 

6 I 

0 412 

45790 


3»40 

2082 

1 

1445 

1059 

810 

642 

5 x 7 

430 

361 

268 

231 

103 

7 

I 

0 S 04 

62330 

1 1 
e A 

i 9 

StI, 

arts' 

188 S 

1385 

1060 

! 81 S 

til 

56 i 


ill 

348 

303 

1 x 6 

8 

J 

0 576 

8 x 420 


L w 

1 343 S 

2386 ^ 

X 7 S 3 

1342 | 

1060 

1 1 

7 x 0 

438 

383 

128 

9 

t 

0 64 ^ 

Z 03030 


Bolbo 1 For load for any width of alab multiply by width in tr^\ 

a For araa of eroB8>8ecCioa of ateal for any width of slab multiply column ( id) by width in 
feet 

3. Total loada for other iid#n<<f) and wme depth of steel are inveraely pn>|k)rtional to 

4 . Toufissr^*'*^- 


^mna<f)and wme depth of steel are inveraely pn>|k)rtional to 
«t^%ba of steal (4f>aiid some span are propcMrtional to the si^uaraa 
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ADD ao% TO tOADS. 

Soft Loads per Square Foot and Reinforcement for Slabs . Proportions i ; g : f . 
. ( Seep . 508). 

•»?> / IOP \ 

For supported ends. I Af I , deduct 20 % from loads 

/ ' 

For fully continuous. 1 Af •« I , add 20 % to loads 


Based on ilf » 
/« “« or < 660 
- or < 16000 


For square slabs. 


, multiply loads by 2 . 


s| 

0 } 

ll 


( p )* 


Total safe load («>) per scpiare fciot includinK weight of slab. 
I'or safe live Icmd deduct weight of slab in coluinri ( 15 ). 
(See important footnotes.) 


Sjjan in feet (/.) 


; (h) 


! M 

u- ] o 


i:lJl A 

lb. m. ' 


in. 


11 


■ 3.2 

S ua 

I sq. in. 


il 

II 


See 
p. 753 

(Af> 

in. lb. 


3 9S, 60 

4 ; i9»i laS 

5 300: I yo' 

ti 46 <}' ao 7 
7 ; 675 ' 4 art 

6 : 919 5 ti 2 

91 laoi' 760 
lol iSiy 962J 


3 

4 


I 

18 S 

3 « 5 i 

584 


117 , 

344 

370 , 


881 

T 33 i 

207! 
ay 8 . 
406 

S 3 ii 

671, 

170 ; 
2 58 


6 913 578, 40V 

7 1314' 832. 5 Ni 

8 17S8 1133. 790 

I } 

9] 2336 1479 1033 
TO 3957( 1S73 1307 


37 a' 

567, 

8 SS 


359 ' 

6, 1343 85o 

193-’’ 122.3' 


I 20 
sSo 
379 

I 

593 ! 
85 4 I 


54 , 

97 , 

iSi 
a 18 
296 

387 

388 ^ 

60' 

124' 

i 88 | 

294 ; 

423 

S 76 

753 

9 Sz, 

87 

183 


3630, i6(>S| ii6aj 


9 34 S-"* 2 175; i5i8j 

TO 4348 I 1753 lyail 


34 s! 


1S3I 


432 

622 

847 ^ 

1 106 
14001 


1 16 
167 , 

227 ' 

39(*i 

3 - 5 ! 

4 f>: 

95 ; 

I44| 

225| 

3 -M| 

441 ' 

1 

570 

730 . 

67 

1 |o 

2 I 2 

i 

33 1 

477' 

649: 

1073 ! 


03 74 I 

132 107 
iSO 146 170 

235 lyo i 57 
298 241 109 167 


3(»', ay' 
76 6i. 

»t4, 92, 


5o' ! 

771 64’ 


179 1441 120 100 , 1 

257 2oH' 172', 144 ' 

35o 283! 234' 196; 167 145 126! 


458 370 306 25 ? ?19 

579 4 ^ 8 ! 387 325 277 

5 2 43 30, 

111 90 74 62 

168 136 ' 112 ' 94 . I 


263 

378 

5 i 5 ' 

852 


2 1 2 
306, 
416 

544 , 

688 ' 


1100' Oy?' 4 So 


86 , 

-.,-T » 79 : 

354 27 I 1 


176 147' ; 

253' 212 1 

345j 289 246 2i3j 1 85 

45 o' 377 321, 278: 2421 
570I 478 407; 331 3061 


1719 T088 760 5S3 424 

2475 i 567 1094 797 611’. 

33t>9 2134 1489 loSS 831; 


337 

4SS 

bOo 


55 ; 

Ji 5 * 

174 ; 

272' 

392 

533 


I 


(i5) (16) 
3'8 2 1 

5il 3l , 
64; 4 

77 5 

90 6 
lop 7 

i 

116: S 1 

I 2 Sj y , 

38', 2\ ' 
5'l 3i 
64j 4 

77, 5 , 

90 6 
103 7 

164! 116 8 ' 

2o8j 128; 9 

i 38' 2i ■ 
5i 3i ' 
64; 4 

77 5 
90' 6 
103 7 

Mb' 8 
128, 9 


117 ) 

i 


( 18 ) , 
o.o 54 , 
O. 078I 
o. 096 j 

O. 1 20! 
o. 1441 
o. i 68 j 


I o.ioS! 

. 0.1S6; 

I 0.1Q2j 

! 0.240, 
0.288' 
0.336' 

' 0.384! 
, 0.432 


(19) 

[80b 

3760 

5702 

8910 
128.30 
1 7460 

22810 

28870 

35 io 

7324 

IT TOO 

17340 

24970 

33980 

44380 

56 i 8 o 


95 j Ro, 

I44i laij 

2 25 ; isjj 

324 272; 231I 200 
441! 370 3i5; 272: 2371 


2 o. 162' 5 160 

2 0.2 34' 107,70 

I 0.288, 16310 

1 ' 0.360 25490 

1 1 0.432' 36700 

1 I o.5o4 49960 


n\ 


9 4401 27S7 1945 1417' 10S6 862 697 577; 483' 412; 356 310' 
10. 5570' 3527 2461 1793, 1374 1091 8S2 730, 6ia' 521] 450j 3921 

, I I ' : ' ■ ' i i ' I I 

I 3 374, 2.37 165 120, 92' 73' 59 49 ! i j 

4 781! 494 3.»5; 25 1' 193 153 124 10a' 86 j | 

5' 1182I 749 5 22' 381 292 232 1S7 i55 130, I 1 


6' 1847; ii7oi 816 SyS; 

7; abboj 16S4 11 75, 85o 

8: 36181 2292. 1599, ti65. 


456 

656. 

8 q 3 ' 


362 292 ' 242 203 1731 149| I 

521 421 348 292' 249! 2 15 1S7I 

709 573. 474 397; 339! 292 255| 103 7 


2 i ' 

3 i- 

4 ' 

5 : 

6 
7 


1 16 8 
128, 9 

38 . 

511 3k 
64 4 

”■1 


' 0.S76' 
' 0.648; 

I 0 . 2 x 61 

' 0 . 312 ^ 
i 0.384’ 


65260 

826CO 

6610 

13790 

20900 


9! 4727' 2993 2089 iS22j 1166' 92^ 748; 619, 5 i 9 442! 382' 333' 
10^,59861 3790 2645^ i9*7j i477j xi72| 948. 784 657 SOOj 484 4aij, 


Ii6> 8 

1281 9 


; 0.480' 3265o< 

' 0 . 576 I 47020 
; 0 . 672 ' 64000 

I 0 . 768 ! 83600 

I 0 . 864 ' xoSHoo 

0 . 270 I 7100 

0 . 390 ' 14820 

O.480I 224()iO 


O.600I 

O. 720* 

0 . 840I 

A I 

0 . 960 ; 

I . 080; 


liHo 

M75 o 

89800 . 
XI 37 O 0 


<*1 Peroentagos of stool are values in this column multiplied by xoo. 

Compression in concrete under tabular loads with the different percentages of steel: 
Ratio of steel 


Rolim. 


Coiopresnon in oonerete, lb. per sq. in 370 5oo 6x0 65o 

I. For load for any width of slsT • • 


a. For area of xarotfr^tion of si 
3. Total loadi -f«r othor span* 


lb multiply by width in feeh. 


0.002 0.004 0.006 0.008 o.oio 

6$0 





SUM 


A ratio of elastici^ of »« 35 is iised ii> the* table below, although it is 
permissible to design with a ratio of 15 in very conservative practice. 

The loads for slabs with a ratio of steel of 0.002 are limited by the work- 
ing strength of the steel, and the values with the higher ratios by the work- 
ing strength of the cinder concrete. 

It is noticeable that less steel can be used economically for a given thick- 
ness of slab than with broken stone or gravel concrete, because the strength 
of the slab is more apt to be limited by the strength of the cinder concrete 
than by the strength of the steel. 


Safe Loading aud Reinforcement for CINDER CONCRETE SLABS One Foot in Width. 
Proportione 1 ; : 5. Mild Steel. (See p. 5xS). 

nruifd on M =« fc “ or < 225 , /* ■= or < 14 000 , n«S 5 


5 -' 


TotuI safe load (111*) per souaro foot including 


i 



a S 


0 


weight of slab. 



slab per 
foot. 

• 

1 


s 

?•§ 

For safe live load (induct Treight of slab in 
column (12). 

(See important foot-notes.) 

1 

0 

1 ! 

H 

2I 


3 “ 








*0 s 


5 ; 

•S fl> 

^ (3 

S'® 

(Sec n 


S 

p 


Span in Feet (f) 



Is* 

fit 

& 

( e ) 


0*“ 

"ts 0 
a** 
as 


4 

5 

6 

7 

8 

9 

zo 


(d) 



HH 

^pA.. 

in. 








lb. 

in. 

in. 

sq. in. 

in. lb. 


ai 

3 

48 

70 


i 





(10) 

(11) 

(12) 

(J 3 ) 

(14) 


31 

5 i 

3S 

26 




24 

29 

n 

1 

0.042 
0. o54 

920 

iSao 


3 l 

119 

76 

53 

39 




34 

2| 

3 

0.066 

2280 


4 

1 66 

106 


S4 

41 



39 

3I 

i 

0.078 

3x80 

0.003 


19a 

133 

85 

63 

48 

So 


43 

3 i 


0. 084 

3690 


5 

sSx 

161 

112 

8a 

63 


48 


I 

0 . 096 

4820 


6 

393 

2S I 

X 74 

128 

98 

78 

63 

58 

5 

t 

0. 120 

7530 


7 

565 

36 r 

25 i 

J84 

» 4 l 

lia 

90 

68 

6 

* 

0. 144 

10840 


L 8 

768 

492 

341 

35 i 

19a 

iSa 

*23 

77 

1 7 

1 1 

0. Z68 

147S0 


ai 

76 

48 

3 t 

25 




24 

U i 

' 5 i 

0.084 

1460 


3 

j -»5 

80 

56 

41 

31 



29 

: i i 

0. loS 

2400 


3 i 

187 

130 

83 

61 

47 

37 


34 

si 

0. 13a 

3590 


4 

361 

167 

116 

85 

65 

53 

42 

39 

si 

' a i 

0. z 56 

I 5 o 20 

0.004 " 

4 i 

303 

194 

13S 

99 

76 

60 

48 

43 

Si 

I i 

0. 168 

1 58 ao 


5 

j 396 

253 

176 

129 

99 

78 

63 

48 

4 

1 { 

0. 193 

7600 


6 

619 

396 

275 

203 

i 55 1 

132 

99 

58 

S 

I 1 

: 0, 240 

1 1880 


7 

891 

570 

396 

29 I 

223 

176 

X 43 

68 

6 

1 ' 

' 0. 28.S 

17110 


8 

X 2 I 3 

776 

539 

396 

303 

240 

194 

77 

7 

t 1 

0. 336 

33290 


ai 

86 

55 

38 

a8 

35 



24 


a 

0.126 

1640 


3 

141 

90 

63 

46 



29 

at 

1 

0. 162 

i 2710 


3 i 

a 1 1 

X 3 S 

94 

69 

53 

4a 

34 

34 

2? 

5 

0. 198 

40S0 


4 

395 

189 

131 

96 

74 

58 

47 

39 

3 i 

f 

0.234 

566 o 

0.006 . 

.•4* 

34a 

219 

i 5 a 

113 

85 

68 

55 

43 


Z 

0.2S2 

6570 


5 

^447 

286 

199 

146 

X 13 

88 

72 

48 

4 

I 

0.288 

8580 


6 

698 

447 

310 

238 

I7S 

138 

Z 13 

58 

5 

I 

0. 360 

13400 


7 

ioo 5 

643 

447 

1 328 

j a 5 i 

1 199 

161 

f.H 

6 

1 

0.432 

19300 


8 

1368 

i 876 

1 608 

1 447 

j 342 

! 270 

! 219 

77 

7 

I 

0. S04 

26270 


* 1 ^ Percentages of steel are values in this column multiplied by 100. 

Rules, i. For load for any widffi of slab multiply by width in feet. 

2. For area of cross-section of steel for any width of slab multiply 
, column (13) by width in feet. 

3. Total loads for other spans (e) and same depth of steel are inversely 

proportional to the squares of the spans. 

4. Total loads for other depths of steel (d) and same span are propor- 

tional to the squares of the depths of steel. 



Si6 

TABLE 8. USE FOR BEAMS WITH STEEL IN TOP AND BOfTOM 

Conatania for Determining Depth of Beam. Moment of lieeiatance, and Fiber Stresses }or 
Dtfferent Percentages of Steel. [<S«e p. 428.] (iSee Example on page 470.) 

Ratio of !Ela.sticity of Steel to Concrete, n 15 . 


Depth of beam d ^ \ ^ whichever is greater 

\0 fc (~'C \0 fa Ca 

, M , ^ 

Fibnratresws, U= Ccbd‘’^' 'C,bS'l‘ “ C\bd^ 


Moment ai rcHistanco, Af == fc^'c ^ fa^J^ whichever is less. 

Rule I. To clcternune Depth of ] learn: 

Assume p, ratio ot teiision steel, and p' ratio compression steel. 

Assnirie «, ratio dui>tli ol steel in compression to depth in tension, 
hocate these values in table anti find C^. anti corresponding. 

Substitute values 6'g and in formulas for depth, d (above.) 

Accept the laiger value as depth from compressed surface of beam to center tension sie. 1. 
Rule 'j. 'i'o ilfiteriiiine I'lber Stresses and Moment of Resistance in a given beam: 

('ompiite p and p* and a. 

bocate tlicse values in table and find ie(]iiirc<l constants. 

.Siifist it iite values in formulas above ami obtain requiietl si revises or moment of lesislanee. 
Rule 'I'o determine lJe[)th of Haunch at support of a beam or girder. 

Decnle tentatively amoiHit of steel m tension and c<»inpre>=riion. 

.■\ssiime a trial detith of haiincli. 

Determine by Rule 2 the fiber stiesse.s. 

If stii'sses are not as rer|uiied, assume new depth €>f hnuiu'h and re-compute. 
bSee l'’jvatnple 6, page 470.^ 

Rule t. 'I'o iiiteriioiaii* values of any whcui rerpiiied r.'ilu> of p to /»' is giviui in table 

R rumple: (Jiven a -- 0 15, p - 0.012, />' -= O OOd. 'I'hen p' --- 0 p, and interpolating 
in this group between p -=» 0. 1, p' .00.5 and p — -015. // — .0075. gives - - .23 ami Cg ~ 
OOlOi, 

Rule 5. 'I’o iiiteipolate values of any tj when roquirisl ratio of p to p' is not given in table. 

R((iniple: (liven a - 0.1, p ^ 0 013, // = 0 OOl). Tlieii // t).t»0 /», whieh lies betwi*en 

groups p' - 0 5 p.- and p' p. 

I'lini by interpolation in group p' 0..5 pi for p 0.013, p' - O 0005, (\. — .24 and ( 
O.Olll. * 

ami 111 group p' p; for p 0.013 and p' - 0.013; (’(.• - 20 and ( - 0115. 

Inter|>olal(> between the two ab«>ve values .and find foi p - 0 013 aiui p' - 0 00, -- 0.20 

and Cff - 0.0111. 


p Ratio Cross Section of Steel in Tension to Concrete above it. 
p' --- Ratio Cross Section of Steel in Compression to Concrete. 
k - Ratio Depth of Neutral Axis to Depth of Tension Steel. 

^'C' ^ S' ^ 's ■ Constants in formulas ubovfe. 
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-o-o.-! - Ratio of Depth of Hteel in Compi 
to Depth of Steel in Tension. 
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trSE THIS TABIJES OBDIHABII.T 
TABLE 9. ELAT SLABS SUPPORTED OB COLUMNS 

Data for Computing Bending Moments. {See p. 48s) See Example 14, p. 48/. 

Rolo. To 8n<l hendlDR momont In a flat plate loaded uniformly and supported 'on oolumna, 
or other fixed supports: 

Assume radius of support, r^, within column head, whore bending moment Is a maximum 
^8ee p. 485). 

Determine radius of surface assumed to act as a fixed circular idato, rj, (for a floor take this 
as diagonal distance between lines of maximum bending moment plus radius, ro, of support) 
(See Fig. 152a, p. 48.5). 

Radius r, used in table below, is radius to any point whore bending moment Is required. For 
critical spctlon, r Is radius of coin inn head. 

Compute load per linear foot, </, around circumference of plate having ra<lius, r,. (See p.485.) 

Take for w the live plus dead load i>er square foot of slab. 

Then moment causing radial fiber stress at any distance r (see table below), from centre of 
column Is: 

\ff. „ wr^2 C, + Cg 

TTse Mr to find required depth of slab and amount of steel at edge of column head from 
ordinary heaiu or slab formulas. (See Example 14, p. 487.) 

Note that If to is in lb. per sq. ft., q In Ib. per foot of length, and ro in ft., the moment will be 
In ft. -lb. per foot of width or in In.-lh. per Inch of width of circuinfcremM} having a radius r. 

Table below Is computed from values on opposite page which should bo used direct when 
Poisson’s ratio la other than 0.1. 
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Data for DeUrmining Bending Moments for Flat Stabs Supported on Columns 
for Various Values of Poisson's Ratio. 

Rule. Proceed «s indicated on opposite page, except using sum ot moments ift and My. 

1 ii) 

«fo I C„ 4-C» J fs’> 

Formulas (54) and (56) (p. 485 ) for Mi and tor circumferential fil>er stre»>ses arc no* usually required. 
If r •• rp . Afa ■■ loro® (o.a •+• Cl +• C2) (52) and Mf, *»7ro + Cj) (53) 
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Note — All values are plus unless otherwise indicated. 
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TABLB 9a. NUMBER OF STIRRUPS IN UNIFORMLY LOADED BEAM 

Number of stirrups, =* (Sec Example 20 below). 

JVg mm number of stirrups in each end of beam. b *■ breadth of web of beam in inches. 

jd tm distance from center of compression to center of horizontal reinforcement. (See p. 450*) 

I » span of lieam in feci. v « total shcarint; unit stress at end of beam in lb. per sq. in. 

v' mm allowable shearing unit stress (or diagonal tension) in concrete alone in lb. per sq. in. 

Ag «=* crosS'Scctional area of vertical stirrup in sq. in. (In a U-stirrup, sum of areas of two legs.) 
fj =■ allowable unit tensile stress in the stirrup in lb. per sq in. constant. 


^ V alues of Constant Cn for F hiding Number of Stirrups in Flach_End of Beam. 
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TABLE 9b. LOCATION OF VERTICAL STIRRUPS IN BEAM WITH 


UNIFORM LOADING 

Rule, Find distance of each stirrup from end of beam by multiplying l\, (obtained from formula) by 
values from Talde pb, selected by rcatling iiiong horizontal line opposite proper value of 


Values of Constant Ci for Fnding Di.stance of Each Stirrup From End of Beam. 
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02 3! 071!. rat 
02 r 065 rri[ 

020, oOo' io2|.i4.«;: 102:. 2411. 2Q3| 350' -41.3 


.0171. 051, .0871. 1251 
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/ (r 

2 

V 



1 

‘ 1 



- 











J. 


I- 


.X 

.789 




2 




2 

.636 

.709 

1 80.S 

i 






.54ft 

6521 


1 






' 482 

.564 

!.66s 

•81.5 






,-434, 

Soij 

! .sSo 

677 .822 






1.395; 

.453 

.518 

594.688 

.828 




i 

.363I 

.414 

471 

.534 fto7 

.6gS 

833 




.3,36 .382 

.432 

186.. 547 

.618 

■ 7071 

.8.38 



.313 

3.SS 

399 

4 (8 501 

560 

6291 

.71ft 

843 


.29 3 

.331 

372 

.1 i 6:.46.3 

.514 

5721 

6.30 

72.3 

.837 

..76, 

311 

3..3| 

38S ..|JO 

. 47ft 

.526 

.583 


.730 


* Number of stirrups in each end of beam as found from Table 9a. 


EXAMPLE FOR NUMBER AND LOCATION OF STIRRUPS 
Example ao: town; / »= 24 ft.; total load = 2400 lb. per lin. ft.; ft “ «* 21"; v' 40 lb. 

persq. in.;/j xbooo. Use ^s-inch square twisted U-stirrui>s, i.e., *=0.383. 

Solutiom Shearing unit stress at end of beam, e «» iislb. per sq.in. Taking values 

from Table opposite V *= x 15, under 16000, with v' » 40, we find Cf^ X09. Hence, iV^ a. 

— *" *■ 6.9. Therefore use 7 stirrups in each end of beam. 

0.383X109 


To locate stirrups, wc find f I *» » 94 inches. Take values from Table gb oppo- 

site 2V5 » 7, and, multiplying each value by /t "*94. distanceoC escb stirrup from end of beam will give: 
rst stirrup. 3 *S*'; 2«i. ^td, 18.7"; 4th, a?*®"; Stb. 38.1"; 6th, 51.1"; 7tb* 70.3". 
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TABLE lo. TABLE FOR CONSTANT C FOR BEAMS 

Data for Determining Depth of Beam, Moment of Resistance and Reinforcement 

To he uaed in formulae for Depth of reetanaular beam or slab, d ■--- C j ^ 

^ b 

h dy 

and in formulae far Moment of Reeietance M « (>7 
OSce pp. 418 and 754.) 

Based on dimensions in inches and momems in inch-pounds. 


RATIO OK MODULI OK BTREL TO 
CONCKRIE n — 10 


Ratio of Moduli of Steel to 
Concrete n IS 


S' R"© I **- i 

I o* 


st 

Cq I l-s-*'" 
^2 I 

a ^ o 5 
f2 « 


1 1 12000 Soo 

2 1 55 o 

3 I I 6oo 


14000 Soo 
I SSo 
I 6 oo 


o. 902 

0.0061 

1 0 . 123 

0. 384 

1 0.872 

1 0.0080 

o.jog 

o. S9S 

! 0.0072 

I 0.JI4 

0.407 

1 0.864 

0. 009 5 

e 

i.^oa 

0.889 

! 0.0083 

j 0. 106 

0.428 

j 0.857 

0.0107 

fl 

09s 

0. SS3 

^ 0.0095 

0. 100 

0.448 

! 0.8S1 

0. OI2T 

0 

.090 

0 877 

0. 0108 

j 0.094 

0.467 

0.841 

0 OM6 

: 0 

.o|s 

0-872 

, 0.0120 

j 0 . 0.S9 

0.484 

0.839 

0.0131 

0 

.o8x 

0.867 

0.0133 

j 0.085 

0. 5 oi 

0.833 

0. 0167 

1 0 

.077 

0.912 

, 0.0047 

0.120 

0.348 

0.884 

0.0062 

0 

114 

0.906 

0. oo 55 

0. 120 

0.373 

0.876 

0. 007 1 

0 

. 106 

0. 900 

0. 0064 

0. 1 1 1 

0. 3!>3 

0 . 869 

0. 0084 

0 

.099 

0. 8q4 

0. 0074 

0. 104 

0.409 

0.861 

0. 0093 

c> 


0 S80 

0. 0083 

0. 09.S 

0.478 

0.857 

0.0107 

0 

088 

0. S84 

0 . 0093 

0 093 

0 446 

o.S 5 i 

0.0120 

0 

.083 

0.879 

0.0104 

0.088 

0.46a 

0.846 

0. 01 i2 

0 

.080 

0. 921 

0. OOJ7 

0. 133 

0.319 1 

0 89 1 

0. 00 So 

0 

118 

0. 91S 

0. 0044 

0. I 23 

0.3 50 , 

0.S87 

0. oo 58 

0 

1 10 

0. 909 

o.ooSi 

0.116 

0. 3S8 

0.881 

0.0067 

0 

103 

0.004 1 

O.oo 58 

0 . 1 Ot^ 

0 378 

0.874 i 

0. 00771^1 

^0 

096 

0. 899 

0.0067 I 

0. 102 

0 30 7 i 

0.868 1 

0 . 0087 

0 

‘>23 

0.891 

0.0075 • 

0 096 

0.4 r4 

0 862 i 

0. 0097 

0, 

. 086 

0.8K9 , 

0.0083 , 

0.092 

0.4 !9 

0.857 

0.0107 

0 . 

.083 

0 . 9.53 : 

0.002S I 

0. 146 

0. 272 

0.90Q 

0.0011 

0 

127 

0.928 

0.0030 I 

0. 134 

0. 292 

0.903 

0. 0040 

n 

1 18 

0.923 1 

0.003S I 

0. 124 

0.311 j 

0. 896 

0. 0047 

0. 

109 

0. otS 

0.0040 

0. I 17 

0. 328 : 

0.891 

0. 00S3 

0 

103 

0. VI 4 

0.0045 

0.110 

0-344 1 

0.885 

0. 0060 

0 

097 

0. 000 

0. oo 5 i 

0. 104 

0.359 

0.8.S0 1 

0. 0067 

0. 

002 

0. 9o5 

0. oo57 

0.098 

0.374 , 

0.875 1 

0. 0075 

0. 

087 

0.943 

o.ooiH • 

0. i57 

0. 240 ! 

0.920 i 

0. 002 5 

0. 

135 

0.938 

0.0021 I 

0. 145 

0 . 256 . 

0.91.5 j 

0. 0029 

0. 


0.933 ; 

0.0023 1 

0.134 

0.272 ‘ 

0.909 1 

0.0034 

0 . 

116 

0.929 

0.0029 ! 

0. 1 24 

0.288 : 

0.904 • 

0.0039 

0. 

XO9 

0.925 ! 

0.0033 1 

0.117 

0.303 1 

0. 899 

0.0044 

0. 

105 

0.921 ' 

0 . 003 / j 

0. 1 1 1 

0.319 j 

0.894 

0. ooSo 

0. 

096 

0.916 ; 

0.0043 1 

0. TOS 

0.334 

0.889 ' 

0. oo 36 

0. 
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Note — For intermediate atn 
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TABLE II. DATA FOR DETERMIRIlfG DEPTH OF RECTANGULAR BEAM 
OR SLAB OR MOMENT OF RESISTANCE FOR DIFFERENT PERCENT- 
AGES OF STEEL. 


Ratio of elasticity, n « 15. 

Rule I. To find dei)th of beam or slab for a given percentage of steel: 

On line with the given percentage, select the higher value of C, This, 
substituted in formula 



(see p. 418), gives the smallest permissible depth. Thus for 0.004 steel ratio 
the value of C from column (9) must be used instead of from column (6) 
because the latter would stress the steel to 23 700 pounds, which would not 
be allowable. It is evident also that the ratio of steel is too low for econ- 
omy, because concrete is stressed only to 440 pounds. 

Rule 2. To find amount of steel for a given beam or slab and given load- 
ing with stress in concrete limited to 650 pounds per square inch and stress 
in steel to 16 000 pounds per square inch: 

fed* 

Compute value of C from formula Jlf « (see p. 754)- Locate this 

value either in column (6) or (9), whichever satisfies the allowed stresses, 
an (4 find the corresponding value of p in the first column. Thus, it C ^ 
0.097, ^1* be located in column instead of column (6), because the 
latter would give a higher stress in steel than is allowable. The desired ratio 
of steel is therefore 0.0077. It C = 0.088, it must be located in column 
(6) because column (9) would give too high a stress in concrete. 


J 

1 

Ratio area of steel to 
beam above steel. 

Ratio depth of neu- j 
tral axis to depth 
o ( steel. 

1 

Ratio moment arm j 
to depth of steel. | 

i 

1 

Working compressive i 
strength of concrete 1 
Lb. per sq. in. | 

. . - I 

Maximum fibre stress ' 
in steel correspond- 
ing to /- =* 6^ 

1 

Constant in formula 

see page 418 

Working tensile 
strength of steel 

Lb. per sq. in. 

Maximum fiber stress 
in concrete corre- 
sponding to fg 
= 1€000 

Constant in formula 

d-cV^ 

seepage 418 

P 

k 

i 

1c 

h 


fa 

fc 

c 

O ) 

(2) 

rA ) 

( 4 ) 

( 5 ) 

(<i) 

( 7 ) 

(8) 

( 9 ) 

0.002 

0.217 

0.928 

650 

32900 

0.124 

16000 

290 

00 

d 

0.003 

0. 25S 

0.914 

650 

28000 

0. I 14 

16000' 

370 

0.151 

0.004 

0.292 

0.903 

650 

23700 

0. 108 

16000 

440 

0.132 

0 . 005 

0.320 

0.893 

650 

20800 

0.104 

16000 

500 

0. 118 

0.006 

0.344 

0.885 

650 

18600 

0.100 

16000 

560 

0. 108 

0.007 

0-365 

0.878 

650 

16900 

0.098 

16000 

610 

0. lOI 

0.008 

0.384 

0.872 

650 

15600 

1 0.096 

i6ooo‘ 

670 

0.095 

0.009 

0.402 

0.866 

650 

14500 

0.094 

16000 

720 

0.089 

0.010 

0.418 

0.861 

650 

1.3600 ! 0.092 

16000 

760 

0.085 

0.012 

0.446 

, 0.851 

650 

I 2 IOO 

0.090 

1600Q 

860 

0.078 

0.014 

0.471 

i 0.843 

650 

1 1000 

0.088 

. 16000 

950 

0.072 

0.016 

0.493 

i 0.836 

650 

1 0000 

0.086 

16000 

1040 

0.068 

0.018 

0.513 

j 0.829 

650 

9300 

0.08s 

16000 

1120 

0.065 

0.020 

0-531 

j 0.823 

650 

8600 

0.084 

16000 

1210 

o.o6z 
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TABLE xi. PROPORTIONAL DEPTHS OF NEUTRAL AXIS 

The table below gives the proportional depths of the neutral axis calcu- 
lated from formula (6) on page 420 for various percentages of steel and 
moduli of elasticity. Its use is advised for ordinary calculations of 
moments of resistance and dimensions of beams or slabs, because it presents 
no means of determining, without further calculation, the stress in the 
steel or the c oncrete, and therefore is liable to lead to uneconomical design. 
Its principal use is for determining the moment of resistance, and conse- 
quently the safe loading for beams already built. 


Proportional Depth 0} Neutral Axis below top of Beam for different per cents of 
Steel and various assumptions of Elasticity. {See p. 310.) 
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0U6RAM 2. BENDING HOHENTS FOR DIFFERENT SPANS AND LOADS. 
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BEBDING MOKElfTS FOR DIFFERENT SPANS LOADS. 
wl^ 


M 


12 



. Kotatt#': 

[ compression in concrete in ib. per sq. in. 

tension in steel in lb. per sq. in. 
i of flange in inches, 
of flange in inches. 

|h §f steel in T-beam in inches. 

pnt arm, approximately equal to if — 

' ca^i(j iif depth of neutral axis to depth of steel. 

|grai|j^ iS'made from formulas (14) to (19), pages 755 and 756. 
veS'ltt left, of Moment Arm, are applicable to all conditions. 

right may be used -for any combination of stresses having k as 
[iagrani. For other stresses find value of k in I'able 10, page 
aterpolate between the curves. 

rmine Minimum Depth of a T~bcam Consistent with a Working 
Cof^res^n in Concrete, haitcr 1 )iagram 4 at lop with value specified for-^i 
maximum^ working compression in concrete times />/, which is assumed 
breadth of flange of 'F-beam, limes thickness of slab. Follow this line 
dowh vertically until it intersects the slant line re[>rcsenting the {>reviously 
a.ssumed relation ot thickness <if slab to depth of steel. J*'rom point of inter- 
section of these two lines f<»llow horizontal line across the diagram to the 
left till it intersects a vertical line corresponding to rei^uircd moment ia, 
inch-[)ounds read from bottom of diagram. 'This will give minimum value 
of the distance between center of gravity of steel and center of comi>reS' 
.sion in concrete. I'hc depth from surface of beam to steel is d jd + J/- 

If assumed relation between d and / docs not correspond to actual, repea^ 
the operation. 

No smaller depth than the minimum can be used. Larger depths than 
the minimum arc usually economical (see pp. 424, 425). 

To Determine Area of Steel in a T-heam Consistent with a Working Ten- 
sion in the Steel. ICnler diagram at bottom of page with bending moment 
in inch-pounds and follow this line verlically upwards till it intersects slant 
line jdj which is the distance between the center of the steel and center of 
compression of the concrete and is approximately equal to d — J/. From 
intersection of these two lines follow horizontal line to left and read off 
directly the area of steel required in square inches corresponding to the speci- 
fied working stress in the steel. ' 

/ 2 kd~-t \ 

T o Determine T otal Compression in Flange of a T -beam ( /r - - ^ ) 

Enter table at bottom with moment in inch-pounds, follow this line up 
vertica’ll3r till it intersects slant line jd. From point of intersection follow the 
horizontal line to the right hand column of figures, which will give the total 
compression in the flange of a T-beam. 

To Determine Maocimum Fiber Stress f^. Determine total compression as 


above. Equate this value to 


^kd — t 
2 kd~ 


bt. Assume a value for k and com- 


pute Determine value of /,. Refer to Table 10, page 519, and see if 
value of k corresponds to f^ and If not, select a new k and recompute. 
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WORKINa STRESSES IN BEINFOROED^OONOBETE 

The Joint Committee on Concrete and Reinforced Conerete, xpo^ recom** 
mtad working stresses as follows.* 

^neral Assumptions. The following working stresses are recommended 
foi* static loads. Proper allowances for vibration and impact are to be 
added to live loads where necessary to produce an equivalent static load 
before applying the unit stresses in proportioning parts 

In selecting the permissible working stress to be allowed on concrete, we 
should be guided by the working stresses usually allow^cd for other materials 
of construction, so that all structures of the same class but composed of 
different materials may have approximately the same degree of safety. 

The stresses for concrete arc proposed for concrete composed of one part 
Portland cement and six parts Aggregate, capable of developing an average 
compressive strength of 2 000 pouncls per square inch at twenty-eight days 
when tested in cylinders 8 inches in diameter and 16 inches long, under 
laboratory conditions of manufacture and storage, using the same con 
sistency as is used in the held In considering the factors recommended 
with relation to this strength, it is to be borne in mind that the strength at 
twenty eight days is by no means the ultimate which will be developed 
at a longti ptiiocl and tlicrefore they do not correspond with the :feal factor 
o^ safety On concretes in which the material of the aggregate is inferior, 
all stresses should l)e proportionally reduced, and similar reduction should 
be made when leaner mixes are to be employed On the other hand, if, 
with the best cjuality of aggregates, the richness is increased, an increase 
may be made m all working stresses proportional to the increase in com- 
pressive strength at twenty eight days, but this increase shall not exceed 
251 per cent 

Bearing f For compression on surface of concrete larger than loaded 
area 

32 5 per cent of i ompressi\e strength at twent> -eight days, or 650 pounds 
per square inch on 2 000 pound concrete 

Columns, (a) Plain columns or piers whose length does not exceed 
twelve diameters, 

• 22^ per cent of compressive strength at twenty eight days, or 450 

pounds per square inch on 2oo<|<^ pound concrete 

(b) Columns with reinforcement of bands or hoops ,t 
27 per cent of compressive strength at 28 days, or 540 pounds per square 
inch on 2000 pound concrete. 

Vertical steel reinforcement 8100 p>ounds per square inch. 


* The form m which the&e are given corresponds with the 1909 Report of the Reinforced Concrete 
Committee of the National Association of Cement Users 

f For beams and girders built into pockets in concrete walls, the ^ower compressive stress of 450 
pounds per square incli should not be exceedei 
t The amount of band or hoop reinforcement must be at least 1 per cent of the volume of the 
column enclosed, and dear spacing of the bands or hoops not greater than one-fourth the diameter 
of the endosed column 
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. (c) Columns reinforced with not less than i% and not more than 4% 
of kuigitudinal bars and with bands or hoops spaced not greater than one- 
fourth the diameter of the enclosed column, 

32^% of compressive strength at 28 days, or 650 pounds per square 
inch on 2000 pound concrete. 

Vertical steel reinforcement, 9750 pounds per square inch. 

(d) Columns reinforced with structural steel column units which thor- 
oughly encase the core, 

32^% of compressive strength at 28 days, or 650 pounds per square 
inch on 2000 pound concrete.* 

Vertical steel, 9750 pounds per square inch. 

Compression in Extreme Fiber. For c.xtreme fiber stress of beams 
calculated for constant modulus of elasticity, 

32.5 per cent of the comprc.s.sivc strength at twenty-eight days, or 650 
pounds per square inch for 2000 pound concrete. 

Adjacent to the support of continuous beams, stresses 1 5 per cent greater 
may be allowed. 

Shear. Pure shearing stresses uncombined with compression or tension, 
6 per cent of compres.sive strength at twenty-eight days, or 120 pounds 
per square inch for 2000 pound concrete. 

Diagonal Tension. In beams where diagonal tension is taken by con- 
crete, the vertical shearing stresses should not exceed 

2 per cent of compressive strength at twenty-eight days, or 40 pounds 
per square inch for 2000 pound concrete. 

Bond for Plain Bars. Bonding stress between concrete and plain rein- 
forcing bars, 

4 j)er cent of compressive strength at twenty-eight days, or 80 pounds 
per square inch for 2000 pound concrete. 

For drawn wire. 

2 per cent, or 40 pounds on 2000 pound concrete. 

Bond for Deformed Bars.f Bonding stress between concrete and de- 
formed bars may be assumed to vary with the character of the bar from 

5 per cent to 7J per cent of the compressive strength of the concrete 
at 28 days, or from . 

100 to 150 pounds per square inch for 2000 pound concrete. 


* Lower stresses than these should be used unless the concrete is very carefully proportioned 
and placed. The authors recommend 500 lb. per sq. in- in general practice. 

j-No recommendation for deformed bars is given in the report of the Joint Committee; the 
values given are those suggested by the Reinforced Concrete Committee of the National Asso- 
ciation df Cement Users. , 



REINFORCED CONCRETE DESIGN 


529 

Reinforcement. The tensile stress in steel should not exceed 16000 
pounds per square inch.* The compressive stress in reinforcing st*eel 
should not exceed 16 000 pounds per square inch, or fifteen times the work- 
ing compressive stress in the concrete. 

Modulus of Elasticity. It is recommended that in all computations the 
modulus of elasticity of concrete be assumed as steel; that is, 

that a ratio of fifteen be employed. 


b 

b' 

d 

P 

P' 


f 

n 


k 

kd 


A! 

Mb 

Air 

AI2 

Mb 

V 

V 

7/ 

u 

o 

lo 

As 

w 

H 
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STANDARD NOTATIONf 

” thickness of slab, i.c., thickness of T-llanj^e.^^ 

-- breadth of beam; in a T-boani, breadth of Tdlangc. 

== breadth of stem <if T-Beam. 

= depth from surface of beam to renter of tension steel. 

^ ratio of cross-section of steel in tension to cross-section of beam iibove 
I his steel. 

^ ratio of cross-section of steel in compression to cross-section of beam 
above the steel in tension. 

-= unit compressive stress in outside fiber of concrete. 

-- unit tensile stress, or pull, in steel. 

== unit compres.sive stress in steel. 

-= average unit compression in a column. 

- - =« Ratio of modulus of elasticity of steel in tension to modulus of 

elasticity of concrete in compression. 

« ratio of depth of neutral axis to depth of steel in tension. 

--- distance from outside compressive surface to neutral a.sis in beam in 
which the dejith to steel in tensiijn is d. 

— nitio of lever arm of rc.sisting couple to depth d. 

— arm of resisting couple. 

• = depth from Mirfai'e nf beam to center f»f eomjiression. 

- moment of rcMstaiice or bending moment in general. 

“= bending moment, 

-- rc.sisting moment. 

= bending moment in a flat slab causing r.idial dine stress for loading 
distributed aUmg the etige <if the lixetl plate, 
bending moment in a Hat slab causing radial fibre stress for loading 
uniformly distributed over the plate, 
total she.ar. 

== unit shear. 

= unit working shear. 

*= unit bond. 

circumference of one bar. 

= total circumference of all bars in a beam. 

== total area. 

= area of steel. 

“ unit loading for uniformly distributed load. 

=* unit loading for circumferential loading, 
diameter of bar. 

— ratio unit cost of steel to unit cost of concrete. 

=» span of beam. 


♦If the steel has a high clastic limit and is of the exceptional quality called for by the 
cations on page 38, the authors would fiequentiy permit a stress as high as 20000 pounds pet 
square inch. 

tSuhstantially as adopted by the Joint Committee on Concrete and Reinfo iced Concrete and 
as used in this Treatise. 
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ll *» longer span of a rectangular slab. 

shorter span of a rectangular slab. 

— bending moment of longer beam. 

Mt a- bending, moment of shorter beam. 

w P 

Cl =■ denominator in bending moment formula M — 

m number of bars at the center of beam. 

Wj — number of bars to be bent. 

C ■“ constant from Table lo, p. 519. 

Cr,Ca, C,. — constant from Table 8, p. 516. 

C,,Ca,Ca,C6. * constant from Table 9, p. 518. 

Ca,Cb “• constant from Table on p. 454. 

=« inner radius of flat plates in feet. 


COMMON FORMULAS. 


Rectangular beam: 

llefcrence ; 
iti Paise i 

! M 

Depth of steel, d 

418 , 

M 

Ten.sion in steel, /« = . r 

Aajd 

420 j 

V 

Unit shear, v ^ 

447 \ 

Ratio span to depth not ^ « 

requiring stirrups, i.'74 0v 

T -Beam: 


M 

Horizontal steel, Aa — / 

f. { - 

0 

(approx.) 

426 

Area required by shear, b'^d - 

/\ - r 

2 / ^ 120 


424 

Depth of neutral axis, 

2 udAa + bt^ 
2nAs + 2bt 

Moment arm, 

jd d — s 

Tension in steel, 

f - 

Ajd 

755 

755 

75 <> 



Reference 

to Page 

Steel area. A* == pbd 

41S 

Compression in concrete, 
2M 

“ bd^jk 

420 

V 

Unit bond, u = f 

45; 

Economical depth, d ~ 

= \/,6^42S 

Length of haunch, x = 

Mb - ilfr 
■" Mb 

(approx.) 

430 

^kd — 2 t 

/ 

^ ” 2 kd — t 

3 

Compression in concrete, 



. Mkd 

’^bVikd- it)jd 
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Beam with Steel in Top and Bottom: 


Moment»'M *» febd^Ce \ which ever is 
or =■ fa bdP Ca 1 larger 428 

Compression in concrete, fc « 

428 

M 

Tension in steel, /« — bd^Ca 

428 

Compression in steel, /J - 

42S 

Flat Plates 




Radial loading. 

Max, Mz wro^ (0.2 + Ci + €>) 

4S6 

1 Circumferential loading. 

Max A1 b ~ qro (Ca + Cb) 

486 

Column; 




Ratio steel, p = 

491 

Average unit load, 

^ “ /c [I + (« - 0 />] 

491 

Areacolumh.Jl 

491 

j 

1 


Stirrups: 




2 sV 

Area of stirrups, A^ --- ^ 

449 

‘ £3 . r . . 3 Aafajd 

Spacing of stirrups, .t « • 2 V 

450 

Distance from sup- j ly'hjd 

port where no op - ; - 
stirrups needed 

45 r 

Max distance 

i fromsupi>ort _ ( A — a' ' 

! where rotls ‘ 2 \ ® A or f« y 
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Fig. 156. Walnut Lane Bridge, Philadelphia. 
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CHAPTER XXII 
ARCHES* 

BY FRANK \\ McKlBBEN 

The treatment of arch design hy what is termed the clastic theory, although 
generally considered a complicated problem, as a matter of fact is easily 
hambed by one who is familiar with elementary mechanics and with the 
principles of reinforced concrete beam design. The process is necessarily 
somewhat lengthy, involving extended operations in simple arithmetic, but 
by following the analy.sis presented in the following j>ages it can be readily 
understood. It is doubtful whether in the whole category of the design of 
structures there is a ])rcttier application of mechanics and mathematics 
than the design of a reinfon ed concrete arch bridge. 

While in a volume of this size it is impossible to present all phases of the 
subject, the underlying [mnciples are treated in sufiicient detail and with 
a discussion thorough enough to permit an engineer to safely design an arch. 

Following a brief historical introduction discussing the use of concrete 
versus steel construction, the different forms of arc hes are reviewed with 
suggestions for design; the loading for different conditions is scheduled 
(p. 541); the outer forces are analyzed, inc’uding the effect of temperature 
(p. 553); the method of procedure to be followed in an h design is taken up 
in a practical example item by item (j). 574); al’owable unit stresses are 
suggested (p. 583); the design of abutments is outlined ([). 583); and a 
few illustrations of existing bridges are i)rcsented 

Girder bridges arc not treated specifically in this chapter, but they may 
be readily designed by applying the principles of reinforced concrete beam 
and slab construction as treated in Ghapter XXI on Reinforced C'onc rete. 

The treatment of conduit or sewer arches which are so deeply imbedded 
as to require computations for earth pressure is refe rred to on page 693. 

Perhaps the most interesting feature of the present chapter is the com- 
plete analy.sis of a typical arch which is presented on page 574. The steps 
to be followed are outlined consecutively and the mathematical processes 
indicated in full. 

The formulas for distribution of stress given on page 560 apply not only 
to arch design but also to column and beam design where there is eccentric 

*inrhe authors are indebted to Prof. McKibben for this chapter, which has been especially pre- 
pared by him for this treatise. 
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loading or thrust in place of or in addition to the ordinary loads. To facili- 
tate the understanding of the formulas, a departure is made from the usual 
notation schedule, which must necessarily be several pages away from the 
work, by placing in addition, at the bottom of each page, a brief definition 
of all the symbols used on that page. 

CONCRETE VERSUS STEEL BRIDGES 

Reinforced concrete, either as arch or girder spans, is being used not only 
in preference to steel trusses or steel girders, where the stone arch is too 
expensive to be considered, but the concrete bridge is frequently replacing 
the old steel structure. The reasons generally conceded for this wide- 
spread growth may be briefly stated as; (i) greater durability; (2) less 
cost of maintenance; (3) less vibration and less noise; (4) more aesthetic 
effects. 

The relative first cost ‘for concrete and steel depends upon the local con- 
ditions. In many places a concrete bridge can be built for less than a first- 
class steel span, although it cannot so readily compete with the flimsy trussed 
spans frequently seen. The concrete may be laid with less skilled labor 
than the steel bridge, but since the concrete structure is built on the spot, 
while the steel is prepared in an established shop, even more careful super- 
vision and inspection are necessary with the concrete. The foundations for 
a concrete arch are frequently more expensive than concrete abutments 
for a steel truss because of the greater area required to take the thrust, while 
on the other hand, in rock or other hard material, a less quantity of concrete 
may be required for the arch abutments. This part of the design may often 
be the determining feature from the economical standpoint. 

The most serious objection to steel, especially for highway bridges, lies 
in the fact that unprotected it cannot resist for a great length of time the 
oxidation due to air, water and locomotive gases, and unless properly cared 
for and frequently painted, it rusts badly. The examination by the author 
of this chapter of approximately 600 highway bridges carrying electric 
railways proves that frequently these bridges are not properly maintained, 
many of them receiving little or no attention for years at a time, so that the 
structures are often badly corroded, and in fact, cases are on record where 
subordinate members of steel bridges have rusted away completely in less 
than fifteen years. 

In a concrete bridge the steel is effectively prevented from rusting by the 
concrete in which it is imbedded (sqe p. 327), so that, when properly designed 
and built, no repairs whatever should be required, and no limit can be placed 
upon the life of the bridge. 
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Concrete is strongest In compression, and is therefore eminently suit- 
able for use in arch spans where the stresses are largely compressive. The 
mass of the concrete and the quantity of earth filling or ballast over the. 
arch so deaden the impact due to traflic that in many cases no impact 
allowance need be made, while at the same time the noise and vibration 
Which occur in steel spans are avoided. 

USE OF STEEL REINFORCEMENT 

I'he use of steel reinforcement in a concrete arch is desirable but not 
absolutely necessary, as it is possible to construct a concrete arch like the 
Walnut Lane Bridge in Philadelphia (see pp. 532 and 592) with the 
concrete laid in blocks, each block forming a voussoir like the stones in a 
masonry arch. At the same time under ordinary conditions, while the intro- 
duction of steel does not, with the present knowledge of concrete arch design, 
permit great diminution in section, it does give considerable added strength 
at comparatively low cost and may prevent the formation of cracks in the 
concrete and take tension caused by any unforeseen action of the arch, 
such as settlement of foundations, improper allowance for temperature or 
shrinkage of the concrete while hardening. 

The area of the cross section of the longitudinal steel bars in solid arch 
rings is to a certain extent arbitrary. Good practice sanctions to li % 
of the ring at the crown and the exact quantity to use must first be selected 
by judgment, and then tested by the computation and revised if necessary. 

As in column design (see p. 489), it is impossible to stress the steel in 
compression to an amount ordinarily proper in structural steel work, 
because in so doing the deformation would be so great as to overstress 
the concrete. The actual compressive stress in the steel, therefore, can 
never be greater than the working stress in the concrete multiplied by the 
ratio of the modulus of elasticity of steel to that of concrete. Under ordi- 
nary conditions this limit on the steel may be taken as 7500 pounds per 
square inch. 

Since the beginning of this century there has been a remarkable development 
in methods of construction and in our knowledge of the principles of rein- 
forced concrete arch bridges, but even yet engineers incline to employ a 
somfewhat excessive quantity of concrete in the solid rings of ordinary high- 
way concrete arches. . This is frequently out of proportion to the quantity of 
material used in a reinforced concrete ribbed arch or a steel arch. Improve- 
ments in arch design evidently lie, as is indicated in subsequent pages, in 
the substitution of comparatively narrow ribs for solid arches and in the 
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use of hollow abutments with earth filling in place of solid concrete abut- 
ments. This will considerably reduce the cost of reinforced concrete arches. 

HISTORY OF CONCRETE ARCH BRIDGES 

In the development of concrete bridges it is natural that the arch rather 
than the beam should have been the first type of bridge to be constructed. 
It was a comparatively short step from the stone voussoir arch to the con- 
crete voussoir or to the monolithic arch. One finds therefore many concrete 
arch bridges, and, until recently, few beam bridges, although for short spans 
beam bridges are now being constructed in considerable numbers, both 
in this country and abroad. 

The first plain concrete arch of any importance was built in Europe in 
1869 and is known as the Grand Maitre bridge at Fontainebleu Forest. 
It has a maximum span of 115.8 feet and carries the aqueduct of the Paris 
waterworks from Vanne. The first plain concrete arch in the United States 
was constructed in 1871 by John C. Goodridge in Prospect Park, Brook- 
lyn, and has a span of 31 feet. The earliest reinforced concrete arch in 
Europe of which there is a well defined record was built in Copenhagen, 
Denmark, in 1879, with a span of 71.7 feet. It is probable, however, that 
Jean Monier of Paris was the inventor of the reinforced concrete arch and 
that he built some bridges before the dates mentioned. In the United States 
the first reinforced concrete arch on record was erected in 1889, with a 
span of 35 feet, by Ernest L. Ransome at Golden Gate Park in San Francisco. 

When these structures are compared with the 233 feet span of the Walnut 
Lane Bridge in Philadelphia, which in 1908 was, with perhaps one excep- 
tion, the longest plain concrete arch in existence, with the 230 feet, 3-hinge 
Griinwald Arch at Munich, Bavaria, or still more sharply with the Hudson 
Memorial design for an arch acro.ss the Spuyten Duyvil Creek with a span 
of 703 feel, a wonderful development is observed. 

Although in a very few cases concrete bridges built during this develop- 
ment have failed, every such failure can be traced to a direct disregard of 
well known principles of design or construction. Moreover, as a matter 
of fact, accidents to concrete arches have been much fewer than the failures 
of wrought iron or steel bridges during the corresponding period of metal 
bridge development. 


OLASSIFIGATION OF ARCHES 

Arches in general may be classified with reference to the material of which 
they are made, the arrangement of the spandrels ai\d arch rings, or the 
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number .of hinges. Reinforced concrete arches may be divided as to the 
arrangement of the reinforcement into three groups: the Monicr, Melan 
and Wiinsch types. The Monier arch in its developed form is the type most 
commonly used in the United States. This system of reinforcement was 
invented by Jean Monicr about the year 1876. As first devised, a wire net- 
ting was imbedded in the concrete near the soffit, but later two nettings 
were used, one near the soffit, and the other imbedded in the concrete near 
the extradosal surface. Wire netting of small mesh with wires of equal 
size in both directions obviously is not well suited for use in an arch and 
considerable improvement was soon effected in this type by making the 
longitudinal bars of the reinforcement heavier than the transverse. 

In the usual design a layer of longitudinal bars is imbedded near the 
intrados and an equal number near the extrados, the bars of the two layers 
being connected with small bars or stirrups. Transverse bars, at right 
angles to the longitudinal, form with them a netting both in the top and 
bottom of the arch. They serve to prevent cracks in the concrete and dis- 
tribute the loads laterally. These cross bars also act with the stirrups in 
bolding the longitudinal bars in place during construction. 

The principal longitudinal bars are designed to carry tension due to the 
bending moment and to assist the concrete in compression caused by the 
thrust and the bending moment. 

Melan Type. This system was invented by Joseph McIan of Briinn, 
Austria, in 1892. The reinforcement consists of curved steel ribs imbedded 
in the concrete and extending from abutment to abutment. For short spans 
the ribs are simply curved I-beams and for long spans each rib is made of 
two angles near the extrados latticed to two angles near tlie intrados. I'he 
built-up ribs thus formed arc usually deeper at the springings than at the 
crown of the arch. The princ ipal function of the lattice bars is to hold the 
angles in position when the latter are stressed, and to make a unit which 
is easy to handle during erection. By far the most important function of 
steel reinforcement is to carry bending moment, and the steel in the Melan 
type can be easily placed and kept in position during erection so as to fix 
positively its location in the finished structure. The material in the lattice 
bars of the ribs or in the webs of the I-beams is not economically placed. 
The first Melan arch in the United States, of 30 feet span, was erected at 
Rock Rapids, Iowa, in 1894, and many other bridges have since been built 
of this system. 

Wunsch Type. Comparatively few bridges have been constructed on 
this system. The arch, which was invented by Robert Wiinsch of Budapest, 
Hungary, in 1884, has a horizontal extrados and a curved intrados and the 
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reinforcement of the arch ring consists of steel ribs spaced from to 
2 feet apart, with a horizontal upper member placed near the extrados 
and a curved lower member near the intrados. The two members are con- 
nected at each abutment to a vertical member imbedded in the concrete. 
The bridge at Sarajevo in Bosnia, of 83 feet span^ is one of the largest built 
of the Wiinsch system. 

ARRANGEMENT OF SPANDRELS AND RINGS 

The spandrel, which is the space between the roadway surface and the 
top or extrados of the arch ring, may be treated in one of two ways. First, 
it may be entirely filled with earth or with concrete which carries the road- 
way; or, second, it may be left more or less open, and the roadway sup- 
ported upon a deck carried on a scries of transverse walls, longitudinal 
walls, or columns resting upon the arch ring. 

Filled Spandrels- In this form of construction the earth or concrete 
filling rests directly upon the arch ring, and is held in place laterally by 
retaining walls which also rest upon the arch ring. As the depth of these 
walls, unless they are of reinforced design, increases from the crown to 
the springing, their thickness, designed to resist the earth pressure, also 
increases until at the abutments the spandrels may be largely filled with 
the concrete composing the side walls. 

If the side walls simply rest upon the arch ring, a crack is liable to form 
at the junction of ring and wall due to the deflection of the arch ring from 
the weight of the earth upon it. On the other hand, if the ring and wall 
are connected by sufficient steel to prevent the formation of this crack, 
indeterminate stresses arc set up which are undesirable and which may 
result in transferring the crack to another place. This danger may be 
obviated by building the spandrel walls as gravity walls, leaving a vertical 
expansion joint at each junction of spandrel and wing walls and at some 
intermediate point between this joint and the crown. 

Another plan is to build thinner reinforced side walls as vertical slabs 
tied together, with the lateral pressure resisted by reinforced cross walls. 
The principal objections to the use of solid fillings are as follows: (i) They 
increase the weight of the superstructure, and consequently thicker arch 
rings and larger foundations are required. (2) Unless the earth filling is 
carefully compacted by rolling, tamping or wetting, it will sink and allow 
the roadway to settle with it. (3) It is difficult to make the side walls and 
the ring act in unison, and unsightly cracks may be formed. Filled 
spas^is may be therefore limited properly to bridges with solid arch. 
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rings of short span;, say not over 8o feet, or to those having a riseof less than 
the span, where the cost of form construction prohibits an open design. 

Open Spandrels. The objections just mentioned to the use of filled 
spandrels are of such importance that during the last few years the use of 
open spandrels in the larger structures has made rapid progress. In addi- 
tion to being lighter, the open spandrel construction facilitates inspection 
and lends itself to more pleasing architectural treatment. It permits indeed 
a treatment peculiar to concrete, which does not follow the type of design 
used for so many centuries in stone arch bridges. With open spandrels the 
roadway may be laid upon small arches or upon I-beams carried by trans- 
verse or longitudinal walls which in turn rest upon the arch ring; or it may 
be laid with reinforced concrete beam and slab construction, making a floor 
similar to those used in reinforced concrete buildings. The beams in this 
case are placed longitudinally mth the roadway, and rest upon transverse 
walls. 

Upon the adoption of the open spandrel it was soon seen that considerable 
material was wasted in the transverse walls and in the solid arch rings. The 
next step, therefore, was to reduce the walls to columns and the ring to a series 
of longitudinal ribs spaced similarly to the ribs of a steel arch. In some 
cases these ribs are very wide, in fact, are really two independent arch rings 
as in the Walnut Lane bridge, Philadelphia,* and in other cases the ribs 
are narrow as in the Rock Creek bridge on Ross Drive in the District of 
Columbia-t 


HINGES 

The use of hinges in concrete arches is by no means of recent origin. As 
early as 1873, an arch was constructed near E^rlach, Germany, with three 
asphalt “joints’’ and many others with hinges have been built since then. 
The chief object of the hinge in the arch rings or ribs is to render the 
structure more nearly determinate. 

Although two or even one hinge can be used, three hinges offer the advan- 
tage of definitely fixing the pressure line throughout the ring so that it 
can be easily and accurately located. Except for the friction of the hinges, 
the stresses are practically independent of changes of temperature or of 
any reasonable settlement of the foundations. On the other hand, the 
hinges are often an expensive detail. It is sometimes claimed also that three- 
hinged arches are not so rigid as fixed arches, but because of their great 
weight thb criticism does not appear to be well founded. 

♦Scc p. 592. 
tSeep-590* 
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In the design of a hinged structure the moment is usually assumed to be 
zero at the hinge. This assumption is not strictly correct because as the 
structure deforms under its load it tends to rotate about its hinges and 
this produces friction at the hinge due to the thrust acting thereon. 

The design of the hinge is a most important feature. One of the most 
instructive failures in arch construction was that of the Maximilian Bridge 
at Munich, a three-hinged voussoir masonry arch of two spans, each 144.3 
feet, when during construction, both spans of the bridge slipped [off the 
hinges at the springings and dropped about 12 inches. This failure was 
due to an error in the design of the hinges. The bearing surfaces of the 
hinges were not given sufficient curvature, and the friction which was relied 
upon to prevent slipping of the two parts composing each hinge was reduced 
to a minimum by the use of a lubricant, which gave a low coefficient of 
friction. 

Three-hinged construction is best suited to arches of small rise where 
the center line of the rib can be made to fit closely the line of pressure 
resulting in small bending moments. Arches with one or two hinges are 
more indeterminate than three-hinged arches and have practically all of 
the disadvantages of both the fixed and the three-hinged types. 

SHAPE OF THE ARCH RINO 

For hingeless arches the intrados should be either three-centered, five- 
centered or elliptical, while, if desired, theextrados may be the arc of a circle 
so placed as to give greater depth to the arch ring at the springings than at 
the crown. A segmental arch, that is an arch formed by the segment 
of a single circle cannot often be used to advantage, for it seldom can be 
made to fit the line of pressure. While many arches are elliptical in 
form, the three-centered intrados is perhaps the most common and it is 
pleasing to the eye, easily constructed and gives an economical design. 

Ribs with three hinges should be deepest at sections nearly midway 
between the crown and spring hinges, decreasing in depth toward the hinges, 
since sections near the hinges take only thrust and shear with practically 
no moment, while the intermediate sections resist a moment in addition to 
the thrust and shear. 

THICKNESS OF RING AT CROWN 

The next step in the design of an arch after deciding on the shape of the 
intrados is to choose a trial thickness of the ring at the crown and at the 
springing. The choice may be made by judgment based on experience or 
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with the aid of one of the various empirical formulas in use. Since the 
crown thickness depends not only on the amount of thrust but also upon 
the bending moment, which varies greatly in a given arch due to the varying 
positions of the live load, it is difficult and in fact impossible to devise a 
rational formula for its determination. 

The thickness of the arch ring should vary with the shape of the arch, 
with the si)an, rise, amount of filling over the ring, the amount of live load 
and the material of which the arch is made, and while there is no formula 
that will apply even approximately in all cases, the formula by Mr. F. F. 
Weld* gives fairly correct results in ordinary cases. It is as follows: 

Let 

h « crown thickness in inches. 

L clear span in feet. 

w =- live load in pounds i)er square foot, uniformly distributed. 

«;'=» weight of fill at crown in pounds per square foot. 

Then 


h = 


y L W 
VL + ~- + + - - 

10 200 400 


( 1 ) 


Obviously the thickness for a hingeless arch should increase from the 
crown to the springing. The radial thickness of the ring at any section 
is frequently made equal to the thickness at the crown multiplied by the secant 
of the angle which the radial section makes with the vertical. h^)r a 3- 
centered intrados and an extrados formed by the arc of a circle, these trial 
curves may be at the quarter points a distance apart of ij to ij times the 
crown thickness and at the springings 2 to 3 times the crown thickness. 

These empirical rules should be used only in preliminary study and 
never for the final design. The true shape of the ring and the thickness at 
different sections must be fixed by computation based on the line of pres- 
sure as described in the pages which follow. 


LIVE LOADS FOR HIGHWAT BRIDGES 

For highway bridges the kind and magnitude of the live load depend 
upon the location of the structure. Each location should be studied and 
the live load chosen to fit the requirements. The following classification 
is sufficient for stone or concrete arches and may also be applied to beam 
and slab construction. 


* Engineering Record, Nov. 4, 1905, p. 529. 
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City Bridges. For floors of city or other bridges carrying heavy traffic, 
three types of loads are recommended as follows: 

1. A uniform live load of loo pounds per square foot on sidewalks and 
roadways. 

2. On each street railway track, one 8- wheel electric car having a wheel 
spacing of 5, 15, 5 feet between centers of wheels along one rail; each wheel 
carrying 12,500 pounds. The car is assumed to cover an area 9 feet wide 
by 40 feet long. 

3. One wagon weighing 20,000 pounds on each of two axles 1 2 feet apart. 

In ap]>lying these loads to find the maximum stress in the floor, either 

of the loads mentioned, or that combination of any of the above loads 
which produces the maximum stress, should 'be used. If the uniform 
load is used simultaneously with either of the concentrated loads, the former 
should cover only that part of the roadway not covered by the latter. 

For arch rings or ribs having a span of 100 feet or less, a uniform load of 
1800 pounds per linear foot of each railway track together with a uniform 
load of 100 pounds per square foot of remaining area of roadway and side- 
walks. 

For spans of 200 feet or more, a uniform load of 1200 pounds per linear 
foot of each railway track together with a uniform load of 80 pounds per 
square foot of remaining area of roadway and sidewalks. 

The load on each track should be assumed to cover a width of 9 feet, 
thus giving 200 pounds per square foot under the track for spans of 100 feet 
or less and 133 pounds per square foot for spans over 200 feet in length. 

For spans between 100 and 200 feet, the loads are to be taken proportion- 
ally. 

Suburban, Town or Heavy Country Bridges. For floors of suburban, 
town, or licavy country bridges, the same uniform load and electric car 
load as for floors of city bridges but with wagon weighing 10,000 pounds 
on each of two axles 10 feet apart. 

For arch rings or ribs having a span of 100 feet or less, a uniform load of 
1800 pounds per linear foot of each track, together with a uniform load of 
80 pounds per square foot of remaining area of roadway and sidewalks. 

For spans of 200 feet or more the' values corresponding to the above are 
1200 pounds per linear foot of each track and 60 pounds per square foot of 
remaining area. 

The load on each track should be assumed to cover a width of 9 feet. 

For spans between 100 and 200 feet, the loads are to be taken propor- 
tionally between the limits stated. 

Light Country Bridges. For floors of light country bridges, sub- 
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ject^ to light highway or electric railway traffic, on each track one ^-wheel 
electric car carrying 9000 pounds on each wheel, or one wagon weighing 
6000 pounds on each of two axles 10 feet apart. These two loads should be 
assumed to act together where necessary to produce the maximum stress 
in the floor. 

For arch rings or ribs having a span of 100 feet or less, a uniform load of 
1200 pounds per linear foot of each track, together with a uniform load of 
80 pounds per square foot of remaining area of roadway. 

For spans of 200 feet or more, the values corresponding are 1000 pounds 
per linear foot of each track, and 50 pounds per square foot of remaining 
area. 

For spans between 100 and 200 feet the loads arc proportional between 
the limits stated. 

It is customary to sec that the design is sufficient to carry a steam road 
roller. The heaviest roller usually specified weighs 30,000 pounds, 12,000 
pounds on the front roller, which has a width of 4 feet, and 9000 pounds 
on each of the two rear rollers, each of the latter having a width of 20 inches. 
The axles arc taken as 1 1 feet apart and the two rear wheels as 5 feet 
center to center. 

LIVE LOADS FOR RAILROAD BRIDGES 

For railroad bridges the loading depends upon the location of the line, 
and hence the future traffic which may be expected. Two consolidated 
locomotives, with 25 000 pounds on each driving wheel, followed by 5000 
pounds per foot of each track, is a common loading. An alternate plan, 
quite generally followed for the rings of stone or concrete arches where the 
filling is of sufficient thickness to distribute the concentrated loads over 
a considerable area of arch ring is to use 5000 pounds per foot of track 
with no concentrated load. This load of 5000 pounds per foot of track 
is equivalent to about 625 pounds per square foot of horizontal area. These 
values are satisfactory for spans, say, over 80 feet in length. 

Generally speaking, the shorter the span the greater should be the 
assumed uniform load, and hence for spans of, say, 80 feet or less, a uniform 
load of 1000 pounds per square foot is frequently adopted, this being 
approximately equivalent to the heaviest locomotive loadings. 

A concentrated load on top of a fill is generally assumed to be distrib- 
uted downward at angles of 45®, The top of the distributing slope may 
be taken from the ends of the ties. Wheel loads may be taken as dis- 
tributed over 3 feet of length of surface of fill and at 45® angles through 
the filling. 
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DEAD LOADS AND EARTH PRESSURE 

With open si)an(lrels having columns or transverse walls, the dead loads 
act vertically upon the arch ring and can be more accurately found than 
with filled spandrels. 

With spandrels filled with earth the dead load carried by the arch ring 
is that due to the weight of the roadway, of the filling, and of the arch ring 
itself. The earth filling is usually assumed to act vertically, in which case 
the forces acting on the arch are easily computed. For arches in which 
the ratio of rise to span is small, such an assumption is sufficiently correct. 
A common assumption for weight of earth fill where the actual value is ' 
unknown is loo pounds per cubic foot. 

Since the pressure produced by the earth filling against the extradosal 
surface of the ring is really inclined, being nearly vertical near the crown 
and considerably inclined near the springings, it is sometimes advisable in 
an arch of large rise to take account of the horizontal component of the 
pressure near the springings. The earth pressure acting against an inclined 
plane may be found either algebraically or grai)hically. The algebraic 
solution is given under the subject of retaining walls, page 665, and in the 
example of arch design the inclined pressure is taken into account for 
illustration, although it is really unnecessary in the case selected. (See p. 576.) 

OUTLINE OF DISCUSSION ON ARCH DESIGN 

The method of designing an arch by the clastic theory is illustrated by the 
example on pages 574 to 582. The steps to be taken are there stated in 
full. 

In the following pages the reactions at the supports, which in an arch 
are not simple vertical forces, and the relations between the outer loads and 
the internal stresses, are first treated briefly so as to understand the theory 
in a general way. Next (p. 553), the working formulas are given for find- 
ing the thrust, shear and bending moment at the crown, and at intermediate 
points in the arch ring. From these, the force polygon and the line of 
pressure, which is an equilibrium polygon drawn for a pole distance equal 
to the horizontal thrust, may be drawn (p. 555). The method of determin- 
ing the stresses due to temperature and rib shortening is given (p. 556). 
Since the lines of pressure do not ordinarily pass through the center line of 
the arch ring, the pressures on the various sections are eccentric, and the 
distribution of stress in an arch under different conditions is discussed at 
length, the same analyses applying also to any other member like a column, 
subjected to eccentric pressure (p. 558 to 574). Diagrams are presented 
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to aid in the determinations. Following the example, the design of arch 
abutments is given (p. 583), and beyond this are general directions with 
reference to construction details. Several typical arches are illustrated 

(p- 589)- 

RELATION BETWEEN OUTER LOADS AND REACTIONS AT 

SUPPORTS 

An arch differs from a beam in that under vertical loads the reactions 
at the supports of the arch are inclined, while for a beam the reactions are 
vertical. The loads acting on the arch, together with the reactions caused 
by the loads, constitute the entire system of forces acting, and for a com- 
plete analysis of the arch the relation between these forces should be deter- 
mined.. This relation is more simply deduced if for each reaction there arc 
substituted its horizontal and vertical components. 

For arches symmetrical about the center line of span the following analy- 
sis is applicable. For unsymmetrical arches, methods similar to those pre- 
sented in the following pages are to be employed although the necessary 
formulas are too long to be given here. 

NOTATION 

Hi and F, =» horizontal and vertical components of the left reaction. 

H2 and F2 = horizontal and vertical com[>oncnts of the right reaction. 

Ml and i/2 = moments at left and right supports respectively. 

M « moment at any point on arch axis having coordinates x and y. 

Me, He, = moment; thrust and shear at the crown, 
i/j^ = moment at any point on left half of arch axis of all loads between the 
point and the crown. 

i/n== moment at any point on right half of arch axis of all outer loads 
between the point and crown. 

m = number of divisions into which the half length of arch axis is divided. 
5 =» short length of arch axis. 

/ = moment of inertia of cross section about the gravity axis. 

L =» horizontal span of arch axis. 
r = rise of arch. 

Ee ^ modulus of elasticity of concrete. 
n = ratio of moduli of elasticity of steel to concrete. 

R « resultant force acting on any section of the arch ring. 

/V thrust* normal component of resultant R. 

V * shear* radial component of resultant R. 
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H — horizontal component of resultant R. 
p mm any concentrated load. 

Jj, - change in span length due to any cause, + for a*i uiuAcaac, — lui a 
decrease. 

t — rise or fall in temperature of the arch ring from the mean in degrees 
Fahrenheit. ^ ^ 

c « coeflicient of linear expansion or contraction. 

/ — average unit compression in concrete of arch ring due to thrust. 

^ — central angle subtended by the axis of the arch. ^ 
x,y coordinates of any point on the axis of the arch ring. 

Three-Hinged Arch. The use of the three-hinged arch is discussed 
on page 539. Since its analysis is simplest and at the same time illustrates 
important principles of arch design, it is considered first. ' 

Referring to Fig. 157, it is seen that there are two unknown components 



of each reaction, making four unknown quantities, ZJ„ F,, JJa, 7 *, which 
require four equations to solve them. From statics we have the three 
equations of equilibrium: 

Algebraic sum of vertical components = zero. 1 

Algebraic sum of horizontal components == zero. 

Algebraic sum of moments of all forces about any point = zero. 

We have here an additional equation from the fact that the bending 
moment at the crown hinge o. Therefore the four components of the 
reactions can easily be found. Suppose there is only one load, jP, on the 
span. Then 

V, = Y v, = - — - (3) 

Since, for equilibrium, the moment at the crown hinge must be o, the 
resultant reaction on the left must pass through the left hinge, or 
fL\ . V,L 

r,, H, components of left xeaction. H, «« components of r^ht reection* X«*sp|a. 
f rise.x , 
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When all loads are vertical, or in any case when the loads are symmetrica! 
about the center, « Hj. 

When the loads are not symmetncal and also not vertical, can be easily 
found, after Hi has been determined as above, from the relation that the 
algebrajic sum of all the outer horizontal forces o. In a three^hinged 
arch, then, the reactions having been found by means of simple statics 
as above de^^rribed, the thrust, shear and bending moment on any section 
of the arch can be computed and sections designed.’*' 

Two-Hinged Arch. Under the action of the loads on this arch there 
are produced two components of the reaction at each support, making in 
all four unknowns, iJ,, \ „ 1% From status wc have the three funda- 

mental equations of equilibrium, as given above. We must find an addi- 
tional equation from the theory of elasticity This additional equation is 
obtained from the fact that the span does not change its length under the 



action of the loads From mechanics r we know that if the arch were 
fixed at B and free at A, tlie horizontal motion of A (the origin of coordi- 

nates) is given by 2 My where 2* denotes the summation of the products 

of My ^^^or each section of the arch Now, since the arch is really pre- 
vented by the support from moving horizontally at point A, the above 
deformation can be placed equal to o, and wc have then the fourth equation 

JS My ** which, in addition to the three from statics, enables us to 

jCjI 

find the reactions H, F„ Hj, As soon as the reactions are known, the 
thrust, shear and bending moment at any section of the arch can be found. 

^Tbree Hinged Masonry Archer. Long Spans Espraally Considered, by David A. Mobtor, 
IVanaactions Amencan Soaety of Civil Engineer^;, Vol XL, p 31 
F*Miechanics of Enginieenng/* by Irving P. Church, 1908, p. 449 

J 
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in a similar manner the conditions of equilibrium can be obtained for an 
arch with only one hinge (at the crown). 

^*Fixed’’ or ''Continuous*’ Arches. A method frequently followed 
with the hingeless arch is to consider the reactions at the ends in the same 
way as in hinged arches, but the simpler method is to take the forces at a 
section through the crown. However, in order to better understand the 
theory and the relation of the external to the internal forces, the arch reac- 
tions at the supports will be discussed first and afterward the analysis will 
consider the forces at the crown. 

Let Fig. 159 represent a hingeless arch. The loads having been deter- 
mined, there are at each support three unknown quantities, namely, the 
vertical and the horizontal components and the point of application of the 
reaction. Or, instead of saying that the point of application of the reaction 



is unknown, we can say that there is a bending moment at each support, and 
that this moment, together with the horizontal and vertical components of 
the reaction, makes three unknown quantities at each support to be found. 
There are then six unknown quantities to be determined, namely, if,, F„ 

Statics provides the three fundamental equations of equilibrium (see 
page 546), hence three additional equations must be determined from the 
theory of elasticity. These three additional equations are given from the 
three following conditions: 

The change in span of the arch « Jrr — O 

The vertical deQection at A (the origin of coordinates) « Jy « O 


change in direction of the tangent at the arch axis at A — « O 

: three conditions must be true since the arch is fixed at A and at B, 
. abutments being assumed immovable 




From mechanics,* 
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Ax 


(S) 

1 

II 

- 0 

(6) 


- 0 

(7) 


These three equations are general formulas. They are not used directly 
in arch computations but are necessary in the theoretical derivation of the 
working formulas given in paragraphs which follow. 

These three equations express the conditions that the horizontal, vertical 
and rotary movements of the left end of the arch ring each equal zero, 
so far as these motions are caused by the bending moments only, acting on 
the different sections from B to A. The movements due to the thrust and 
shear within the ring are not here considered. By means of equations (5), 
(6), (7) and the three from statics (see p. 546) we can solve for the six 
unknown quantities at the supports, namely, the horizontal and vertical 
components of each reaction and the moment at each support, and having 
thus found the reactions, the stresses within the arch ring can then be com- 
puted. 


RELATION BETWEEN OUTER FORGES AND THE THRUST, SHEAR 
AND BENDING MOMENT FOR THE FIXED ARGH 


In Fig. 160 let the arch A B be fixed at the two supports. If the loads are 
knewn, the horizontal and vertical components of the reactions and also the 
noment at each support of the arch may be found, as has been shown 
above. Having these three quantities for each support, the point of appli- 
cation of each reaction may then be determined. 

Thus in Fig. 160 the point of application at the left support is at a, dis- 


tant vertically from A, where y. 


H * 


Similarly at B, ya=^ 


M, 
H ' 


Having 


computed y^ and y^, thus locating the points of application of the reactions, 
the force polygon and its equilibrium polygon, a h cd^ can be drawn, as 
described more fully on page 577, and the latter will be the true line of pres- 
sure for the loading shown. The stresses on any section such as D may 


M moment. 5 «■ short length of arch axis. E » modulus of elasticity. I — moment 
.aestia. change of span length, xy coordinates of a point. 

^See **Mechanics of Engineering, ”by Irving P. Church, 19^, p. 449, or any general treatise 
on mechanics. 


V 
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be studied. The resultant of all outer forces on the left of D is a fotrc 
acting along the line a & of the equilibrium polygon and having a magnitude 
'CQuai to the force Oo of the force polygon. This resultant outer force Op 



acting along ab is resisted by inner forces, L e., stresses, on the section D 
wjbiich is redrawn in Fig. i6i. \ . 

: Thj. force R is the force opposing the resultant Op. This force is c^uiva^' 
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lent to a force R acting at the arch axis and a bending moment *• Ru^ ^ 
Hus where H is the horizontal component of R and u is the vertKol distance 
from point D on the arch axis to the equilibrium polygon, f<' is the perpen- 
dicular distance from point D to the force R ^ Oo For vertical loads II 
is constant throughout the length of the arch ring. 

The resultant forte R acting at D can be resolved into two components 
one of whirh, A^, is tangential to the axis at D and therefore normal to the 
section of the arch ring, the other component, T ,is perpetidiciilar to the axis 
and parallel to the section 

V is the thrust, that is, the tangential component of the resultant force 
on the section. 

V is the shear, that is, the radial component of the resultant force on the 
section 

Hu or Ru' is the bending moment about the gravity axis of the section. 

Evidently there are sections of the arch where the equilibrium polygon 
intersects the arch axis At these sections the bending moment is zero 
Furthermore, if the equilibrium polygon is normal to any section there will 
be no shear on that sec tion It is possible then to find sections wheie there 
is r 0 moment, or no shear, or possibly where there is neither moment nor 
shear. There is always a thrust on every section. 


THRUST, SHEAR AND MOMENT AT THE CROWN 

Instead of actually finding the components of the reactions and the 
moments at the supports by the plan indicated on page 549, it is simpler to 
find the thrust, shear and moment at the crown Having these, the equilib 
rium polygon ma> be drawn and the thrust, shear and moment at any point 
may be found The thrust, shear and moment at the crown can be found 
by use of equations (5), (6), (7), page «;49, in which M is the moment of 
any point D of I ig 160, page 550, expressed in terms of the values at the 
crown Instead, however, of determining these quantities by means of 
these equations, shorter expressions for the thrust, shear and moment at 
the crown may be obtained hy taking the origin of coordinates at the crown 
and studying the motion at that point 

In Fig 162, CD represents the vertical section at crown, upon which acts 
the resultant pressure along the line AB In the lower part of the figure, for 
this resultant force is substituted the horizontal thrust, the shear, V^, 
acting at the center of the section CD, and the moment 
* Referring to Fig. 163, page 552, and accepting C as origin of coordinates. 
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- coordinates of any point D, 

Ml, - moment at any point D on left half of arch axis of all loads between 
the point and the crown. 

- moment at any point D on right half of arch of all loads between 

the point and the crown. 
m » number of divisions of half of the arch axis. 



Fig. 162. — Moment and Thrust at the Crown. {See p, 551.) 



Fig. 16^^. — Coordinates of Any Point in Arch Axis. {See p, 551.) 

The formulas given below require that the arch be divided so that 
the ratio of length of any division to its average moment of inertia is 
constant. Because of this requirement the end divisions with large 
moments of inertia may be long, even with comparatively short divisions 
at the crown. This may cause an inaccuracy which can be largely elimi- 
nated by subdividing the load on the end divisions. 

The greater the number of divisions the more accurate the results. 

> For an arch divided in such a way that the ratio of the length of any 
division to its average moment of inertia is constant (see page 5S4) 
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the titfee unknown quantities, V^, and M, may be found from fonn- 
ulas* 

Tf « mSM^y + mSMj^y - 2 M^2y -S Mj^Iy 
2 [m 2 f-(Syy] 




_ ^ - 2 ±Hc ^y 

2 m 


( 17 ) 


(i8) 


*^1116 horizontal motion of C, Fig. 163, as in preceding analysis, due to bending moments on sec- 

dons between B and C,is 2 ^ My pj The horizontal motion of C due to the bending moments 

on sections between and C) is 2 My - — These two motions are equal but opposite in direc> 

C El 

tion, hence, 

El '' 

Similarly the vertical motions at C are equal, 

2 El 


- 2 ^My ^ 


El 


^ 2 ^Mx pj. 


( 8 ) 


(9) 


Also the changes in direction of the tangent to the axis at C are equal, but opposite in 
direction, hence. 


^ Ei” El 


(to) 


If each half of the arch axis be divided into m divisions in such a way as to make ^ constant for 
all the divisions (See p. 554) the factor y and also E may be cancelled. Tn the equations (8), (9) 

(10), Mf /, flf, y, denote respectively the bending moment, moment of inertia of the cross-section, 
and coordinates at the center point of each di\'ision of the arch axis. 

At center of any division between A and C the bending moment is 
M'^Mc-Vex + Hey - Me 

At center of any division between B and C the bending moment is 
M^Mc+ Vcx + Hey - Ml 

Placing these values of M in equations (8), (9) and (10) and collecting terms, we have 
2 Mc 2 y +* 2 Hc 2 y* — 2 Me y — 2 Ml y =*o 
2 Ve2 ar* — 2 Mlx + 2 Me Af *■ o 
2 mMe + 2 Hc 2 y - 2 Me - 2 Ml *= o 

Combining (13) and (15), 

m 2 Me y + ^Ly “ ^ 2 y —2 Ml 2 y 
2 [mJy»~(2»*J 
2 Mlx -2 Mrx 


From (14) 
From (15) 


He- 

re 

Me- 


2 2 x^ 

2 Me -^_^ML -ji,He2y 
2 m 

crown shear. 


(") 

(•0 

(•3) 

(>4) 

(« 5 ) 

(16) 

(17) 


M moment. He » crown thrust. Fe 
«dt« »ty coSrdinatet of a point. 


(•») 

> number diviaons of half 
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These are fundamental equations in arch analysis The method of 
application is illustrated in the example, page 574 
All £ signs denote summations for ont-halj t)f the arch axis. . 

All numerical values of Mj ^ if y, are positive 
A positive value of indicates that the line of pressure at the crown 
slopes upward toward tlic left, a negative value, upward towards the right 
A positive value of indicates a positive moment at the crov^n; a nega 
tive value, a negative moment 
The moment at an> point between B and C is 

M » Af, - I .^ + Hj - I/r '(19) 

while at any point bct\\ecn A and C 

i/ ^ I/, h //, V \Tj^ (20) 




FiO. 16$ — Diagram for finding Length ol Arc of a Circle {See p 554 ) 

aRAPHICAL METHOD FOR FINDING CONSTANT ^ 

Fig 164 and lig 165 give a graphical method of determining the length 

jif •- moment Ho **• crown thrust Ve =* crown shear x,y^ coordinates of a poltift. 
i M* length of division of axis. I moment of inertia % 
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oi divisions for a constant y . If the arch axis is made up of arcs of circles, 

the length of any arc ACB is equal to three halves of the straight line AC.* 
The point C is found in 'Fig. 165 by dividing the chord AB into thirds and 
dravwng a radius through the one-third point. If the arc is an ellipse, a 
limple method of drawing which is given on page ^02, the length may be 
measured from the drawing. Having found the length of the half axis and 

s . 

drawn it as a horizontal line, the constant -is found as shown in Fig. 164 by 

romputing four or more values of /, the moment of inertia, at different 
points and plotting these to locate the curves as shown. Beginning at the 
lower left corner of the diagram, trial diagonals (parallel to each other) and 
vertical lines are drawn, so that the number of spaces between the verticals 
will represent the number of divisions into which the half arch must be 
divided. If at the first trial the final diagonal docs not come out exactly at 
the upper right corner which represents the crown of the arch, a new slope is 
tried for the parallel diagonals. 

LINE OF PRESSURE 

Having determined the thrust and moment at the crown, the line of pres- 
sure may be drawn as shown in folding Fig. 18 1, oi)posite page 580, from 
which the compression and tension at different sections may be found after 
determining the thrust and eccentricity from the formulas which follow. 

It is well to draw the line of pressure before considering the temperature 
and the effect of the rib shortening, and then afterwards study these, adding 
or deducting the stresses for the most unfavorable conditions. 

EFFECT OF TEMPERATURE AND THRUST 

The thrust acting throughout the ring tends to shorten the span. A 
change of temperature of the ring tends to shorten the span w^hen the tem- 
perature falls or to lengthen the span when the temperature rises. The 
tendency for the span to change its length by a distance due to any cause 
is resisted by a horizontal component II and a moment 1 /, acting at each, 
support, and by a thrust and moment in the arch ring. Jjj is positive for 
an increase and negative for a decrease in span length. 

givtii til Nouvelles Aonalet de Mathematiques, Jan. 1907. The error for 40 degrees 
(rte, tbsti for 70 deg^ is less than for 90 degrees is less than 
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The thrust and moment at the crown may be found from formulas^ 


and 




■mjcj jjjj 

2[m2y- (i’y)*] 

(23) 

Hcly 

m 

(24) 


Rise in Temperatute. Under a rise of temperature of the arch ring of 
t degrees Fahr. the span L would tend to increase in length an amount 
of ctLy c being the coefficient of linear expansion. Substituting for in 
(23) the value of ctL, the thrust at crown is 


ctLmE 


s 2 [in 2 'y^ — (2’ y)*] 

The value of the temperature coefficient, c, in equation (25) may be taken 
for concrete as 0.0000055. Dimensions must all *be in same units; if in 
feet, E must be in pounds per square foot. Using a value of E^ of 2,000,000, 
E is therefore 2,000,000 X 144= 288,000,000 pounds per square foot. 
Moment at crown is 

^c=- 1- (*6) 


*The change in total span length, the two halves of the arch being equal, is 

*■^ 0 El 


(«) 


The change in inclination of tangent to axis at crown is 


A/ — O • (22) 

Replacing the M of equations (21) and (22) by Me + He y» which is the moment at any point D, 
Fig. 166, in terms of moment and thrust at the crown, and making constant, there results 

. Mc 2 y ^ Hc 2 y* - d 
mMe + He 2" y — o 

From which 


and 


I mEJi, 

szlmiy- {2 yy>\ 


(»3) 


Me 


He2y 

m 


(*4) 


M moment. He crown thrust, m « number divisions of half axis, s length 6f . 
division of axis. I » moment inertia. L «■ span. B — modulus of elasticity. i^Mchafige oi. 
span length, t rise or fall of temperature, c coefficient of expansion. y ••codrdinatea hf 
% point. 
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The moment at any point D may be found as soon as the values of 
and have been determined by means of the relation 

Jf - (27) 


or we can say that the moment at any point equals the thrust H* multi- 
plied by the distance from the point in question to the line OO, Fig 166 



Fig 166 — Moments and 1 hrusts due to Changes of 1 emperature (See p 556.) 


Above the line OO, Fig 166, the moments arc all negative, being a maxi 
mum at the crown, and below OO they arc all positive, being maximum at 

A and B. The line OO is below the crown a distdiicc d At the two 

points where OO intersect the aich axis the moments are zero, as is evident 
from equations (24) and (26). 

Fall in Temperature, Here the thrust at crown is 


I c tLviL 


s 2 [w 2 y — (2 yY ] 

(*8) 

where c is 0.0000055, and moment at crown is 


//, 2 v 


- 

(29) 

and, as above. 


M - Af „ + 

(30) 


In placing a numerical value for in the last two equations, it should 
be observed that it is a negative quantity If in the equations the values 
of L and y are in feet, E is in pounds pa square foot Above OO the 
moments are all positive, below they are all negative. The thrust at the 
crown is really a tension in this case. 

M moment He crown thrust m -» number divisions of half axis, s « length of 
division of axis I » moment inertia L » span E — modulus of elasticity t -^rise or fall of 
temperature from mean c coefficient of expansion x, y ^ coordinates of a point 
>IThe horizontal thrust is constant throughout the arch« hence He at the crown equals H at 
the support. 
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An increase and a decrease of 20 degrees Fahr. is probably a sufficient 
allowance for concrete arches with filled spandrels. For arches with open 
spandrels the range in temperature of the concrete is somewhat less than 
that of the surrounding air. For example, in the latter case with a range 
of temperature of tlic air from —20 degrees to +xoo degrees Fahr., the 
range for arch computation should be taken at least 40 degrees on each 
side of the mean temperature. 

The metliods of combining the temperature moments and thrusts with 
those due to loads is illustrated in the example, j)agc 579. 


EFFECT OF RIB SHORTENING DUE TO THRUST 


The thrust acting throughout the arch ring tends to cause a shortening 
of the span, which, if / is average compression (obtained by averaging 

... 

values in computation of ring) for unit area, =* , « 

Jit 

Hence 


and 


/ f Lm 

s 2lmly^ -{I'yY] 


(31) 


- 


m 


(32) 


and, as in temperature stresses, 

M = (33) 

The effect of the rib shortening is similar to a fall in temperature. 

All the summations above are for one-half the span only, m -=- number 
of divisions in one-half of the arch axis. 

The effect of rib shortening is^ slight in many cases but in a flat arch it 
may be considerable. i 


DISTRIBUTION OF STRESS OVER CROSS SECTION 

The analyses of stress distribution which follow apply not only to an arch 
but also to any section where there is combined compression and bending. 

In an arch, having determined the thrust, shear and bending moment 
at aiK^ven section of the arch ring, the distribution of stress upon the 
sect^^ must be next investigated in order to compute the maximum stresses 

M ^ moment. He crown thrust, m « number divisions of half axis, i — short leneth 
of iirch axis. I — moment inertia. L span, y «« coordinate of a point. / compresaon* 

Concrete. 
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in the concrete and the steel to see on the one hand that they do not exceed 
safe working loads, and on the other hand that the design is as economical 
as possible. 

Concrete is strong in resistance to direct shear (See p. 382), and hence 
the shear is generally negligible in concrete and reinforced concrete arches, 
although it should be considered in stone masonry arches. Since, also, as 
will be shown, the bending moment is the thrust times its eccentricity, it 
follows that the determination of the thrust, which is the normal compo- 
nent of all the forces acting, together with the location of its center of pres- 
sure, permit the determination of the stresses required in designing any 
section of an arch or of any section of any member subjected to eccentric 
stress. Every section of the arch or of a beam or of a column must be of 
such dimensions or with such reinforcement that the safe working stresses 
in the concrete shall not be exceeded. 

Plain concrete sections and reinforced concrete sections are ^considered 
separately, the same notation being used for both. 


Notation 

Let 

R =» resultant of all forces acting on any section, 

/c = maximum unit compression in concrete. 
f \. = maximum unit tension in concrete or minimum compression. 

N ^ thrust, a component of the forces normal to the section. 

V « shear, the component of the force R parallel to the section. 
b « breadth of rectangular cross section. 
h * height of rectangular cross section. 1 

e eccentricity, that is, the distance from gravity axis to the point ol 
application of the thrust which is the intersection of the line oi 
pressure with the plane of the section. , 

M * bending moment on the section. 

y =* perpendicular distance from gravity axis to any point in the section 
I « moment of inertia of entire cross section of concrete about the hori- 
zontal gravity axis. 

« moment of inertia of cross-section of steel about the horizontal grav 
ity axis. 

- total area of section of concrete. 

A^ — total area of section of steel. 

•• perpendicular distance from gravity axis of unsymmetrical sectioi 
to outade hber having maximum compression. 
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- perpendicular distance from gravity axis of unsymmetrical section 
to outside fiber having maximum tension or minimum compression, 
/g — maximum unit compression in the steel. 

maximum unit tension or minimum unit compression in the steel. 
p — ratio of steel to total area of section; for rectangular sections p « 
ratio of steel area to hK 

n — - “ = ratio of moduli of elasticity of steel and concrete. 

k — ratio of depth of neutral axis to depth of beam h. 
kh — distance from outside compressive surface to neutral axis. 
d' » depth of steel in compression. 
d depth of steel in tension. 

a — distance from center of gravity of symmetrical section to steel. 

Cq « value of eccentricity which produces zero stress in concrete at outer 
edge of rectangular section opposite to that on which thrust acts. 
C^i C^ — constants. 

DISTRIBUTION OF STRESSES IN PLAIN CONCRETE OR 
MASONRY ARCH SECTIONS 

In designing plain concrete or stone masonry arches, the maximum com- 
pressive stresses must be kept within the safe working compressive strength 
of the material, and the point of application of the tlirust must not lie out- 
side of the middle third of the section. When investigating an existing struc- 
ture, however, it may be found that the thrust acts outside of the middle third, 
so that a determination of the stresses in such cases must also be considered. 

Plain Arches with Rectangular Cross Section, In i)Iain concrete or stone 
masonry arches of rectangular cross-section there are five special cases 
depending upon the point of application of the thrust, as follows: 

(a) Thrust acting at gravity axis of cross-section. 

{b) Thrust not acting at gravity axis of cross-section, but within the mid- 
dle third of the section. 

* (c) Thrust acting at edge of middle third of the section. 

(d) Thrust acting outside of the middle third of the section and material 

able to carry tension. 

(e) Thrust acting outside of the middle third of the section and material 

not aide to carry tension. 

Each of these cases will be considered. 

(a) When the thrust acts at the gravity axis of the cross-section the stress 
is compression over the entire section and is uniformly distributed 
as in Fig. 167. 
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Maximum compression in concrete is 

N 

fe ^ ( 34 ) 

(6) The thrust acts within the middle third but not at the gravity axis, 
as shown in Fig. 168. When the thrust acts at any other point than the 
gravity axis there is combined bending moment and direct stress to be con- 
sidered. If the bending moment is positive, the thrust acts above the 
gravity axis; if negative, the thrust acts below. In either case the thrust 

produces a unit compression of over the entire section. The moment 

causes compression on the side of the axis where N acts and tension on the 



Fig. 167. — Stresses Caused by a Force 
Acting iri the Middle of Plain Con- 
crete Section. {See p. 560.) 
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Fig. 168. — Stre.sses Caused by a Force 
Within the Middle Third of Plain 
Concrete Section. {See p, ^61.) 


opposite side. By mechanics, the intensity of stress due to the moment, Af, 

My 

at a distance y from the gravity axis is ' . The actual combined stress 

N My. 

at any distance y is then the sum of these two stresses, namely, ± 

The positive sign applies to stresses on the side of the axis where N is 
applied and the negative sign to stresses on the opposite side. 

hh^ 

Since for a rectangular section, / « -- and M * iVc, thrust multi- 
plied by eccentricity, we have: 

N ( i2ey\ 

Stress at any point y distance from gravity axis - I i± I (35) 
The stress at all points of the section is compression and the maximum 


M moment, fc compression in concrete. N ■■ thrust, b » breadth, h height, 
jf distance from gravity aidi. e eccentricity. I moment of inertia. 
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and minimum values arc at the top and bottom of the section, respectively, 

A, 

that is, when y - 

N ( 6 e\ 

(36) 

Maximum compression 

+ k) 


N / 6 c\ 


Minimum compression 

bh V h / 

(37) 


(c) When the thrust act'^ at the edge of the midfile third the eccentricity 
g ^ and the maximum and minimum \alucs of the stresses are found by 



Fio. 169 — Stresses Caused by <i Force Act- 
ing at the 12(lgc of the Middle Third of 
Plain Concrete Section. (See p. *>62 ) 


placing ^ for c in the last two 

formulas of case (6) Idg 169 
show s the distril lution in this case. 
Maximum compression in con- 
2 N 

Crete (38) 

Minimum compression in con 
Crete == o. 

{d) If the thrust acts outside 
of the middle third and the ma- 


terial is capable of carrying some tension, the distribution of stress is as 
shown in Fig. 1 70 There will be c ompre ssion over a large part and tension 
over the remainder of the section. 


Maximum compression 
Maximum tension 


■V, 


“bh V ^ h) 

(39) 

1 



(40) 


Evidently in each of the above cases (a), ( 6 ), (r), (d) the maximum com- 
pressive and minimum comprc'^sive (or maximum tensile) unit stresses are 

N } 6 e\ 

given by the one general formula I ^ ^ applies for rectangular 


sections and will hold so long as the safe tensile sticngth of the concrete is 
not exceeded. 

In arches of plain concrete or of stone, tension should not be allowed to 

exi^t. 

y(er) When the thrust acts outside of the middle third and the material 
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is not able to cany tension, the stress is distributed as compression ovj^t 
a depth less than the entire depth of the section, and cracks may be expected 
on the ‘tension” side. The distribution of stress is shown in Fig. 171 below, 

where (in addition to notation 

C L already presented on page 559), 

Wrr — X g distance from point of 

\ J .ciM I application of thrust to most com- 

-‘—V ^ pressed surface. 

t \ I *^1* ARCH AXIS Maximum compression — 

2Ar 

N J" T 

^ I ] Plain Arches with Irregular 

Pio. 170 -Stresses Caused by a Force ^he section h 

Acting Outside of the Middle Third of rectangular, the maximum 

Plain Section {Seep $62) ^ TV Ney^ 

unit compression ““ + r > 

and the minimum unit compression (or maximum unit tension) - 
N Ney^ 

— _ When the second term of this equation is greater than the 

I 

hrst, the concrete is in tension 


DISTRIBUTION OF STRESSES IN REINFORCED CONCRETE 
SECTIONS 

Reinforced Concrete Sections of any Shape The distribution of 
stress caused by combined thrust and bending moment over a section 
containing steel rcinfoi cement is 
shown by the following formulas. 

As in column design (page 490) ^ 

the area of the steel in compression 
may be replaced by an equal area 
of concrete by multiplying the steel 
area hyn, the ratio of the modulus 
of elasticity of steel to the modulus 
of concrete. Similarly, their mo Fio r;! — Stresses Caused by a Force 
ments of inertia may also be com Acting Outside the Middle Third of 
pared, and the section treated as if Concrete Section {See p 56^) 

it were of concrete without steel 

The unit stress then in the concrete at any distance, y, from the gravity 

I distances respectively from gravity axis to maximum compression of tension. 

■w breadth of cross sectioo. 
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S«4 

N Ney 

axis is 7- ± V r- The stress may be compression over the 

+ fiA, I + nl^ 

entire section or may be compression over a portion of it and tension over 
the remainder. The formulas apply in either case so long ad the safe tensile 
stress in the concrete is not exceeded. 

N Ney^ 

Maximum compres.sion in concrete + T . r » where 

+ flA^ 1 + ' 

yi is the distance from the gravity axis to outermost fiber of concrete on the 
side of the gravity axis on which the thrust acts. 

. r iV Ncy^ 1 

Maximum compression in steel ^ Y nA ^ I ^ nl J ’ 

^3 is the distance from gravity axis to center of gravity of steel on side of 
gravity axis on which the thrust acts. 

, ISJ Ney^ 

Minimum compression in concrete fr ' a ^ ~ r r > where 
* A^ + nAg I + «/, 

y^ is the distance from the gravity axis to the outermost fiber of concrete on 



Fig. 172. — Cross Section of an Arch Rib. {See p. 564.) 

the side of the gravity axis opposite to that on which the thrust acts. This 
minimum compression is of course tension when the second term in the 
last equation is greater than the first. 

r 1 

Minimum compression in steel = f = n \ — V ~ r , where 

^ lA^^-nA^ I-¥nl^y 

y^ is the distance from the gravity axis to center of gravity of steel on the 
side of gravity axis opposite to that on which the thrust acts. 

Reinforced Concrete Rectangular Sections. For rectangular sections 
fte above general formulas for sections uf any shape may be 
put into slightly simpler forms by substituting the proper terms and 
assuming equal amounts of steel above and below the center. Special 
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cases for convenient use in design are also treated below. Since total 

moment of inertia of combined section, ^ + npbha^; area of 

section, A, »hh and area of steel in the section, -d,, =■ pbh, we have: 

Unit stress in concrete at any point at a distance, y, from gravity axis 


, iV r I 12 ye 1 

6 /* L I + np ^ 12 npa^ J 

Maximum unit compression in concrete 


fc 


^ivr I 

bh\_T^ + i 


6 he 


np ' /j* 4- 12 npd 
Maximum unit compression in steel 






nN 

~bh 




4- 


12 ae 


np A® 4- 12 npd* 


4 


(4a) 


(43) 


Minimum unit compression (or maximum unit tension) in concrete 




, iVr I Ghe 1 

® 6/i L I + I- I j npar J 

compression (or raaxinc 
nAT r I 
“ hh [i + «p~ 


np 

M nimum unit compression (or maximum unit tension) in steel 

12 

np JP 12 npa^ 

There are four cases which may occur depending upon value of e. 
( I ) Thrust applied at grav- 


] 


(44) 


(4S) 


GRAVITY AXIS 


ity axis, as in Fig. 173, where 
there is no moment on the sec- 
tion and the stress is uniformly 
distributed. In this case the 
second term in the brackets of 
the above formulas becomes 
zero. 

(2) Thrust applied at such 
distance from the gravity axis 
as to cause compression on 
whole section of the concrete, 

as in Fig. 174. Here the above formulas are used directly. 



O rfg|CI 


•c*|e< 


Fig .173. Stresses Caused by Force Acting 
at Gravity Axis. {See p, 565.) 


n » ratio elastidty. N thrust. distance from gravity axis, fc —compression in concrete 
ft — tension or minimum compression in steel, b — breadth, h — height, t — eccentricity 
p — ratio of steel, a »■ distance from center of gravity of section to steel. 
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$66 

(3) Thrust applied at such distance from gravity axis that the comprea- 
sion at one surface becomes zero, as in Fig. 175. In this case the formulas 
may be simplified as follows: 


‘ Maximum unit compression in concrete, 


2N 

® bh{i + nf) 

Maximum unit compression in steel, 

, nN' r 2fl 1 

bh(i -{-np) L ^ A J 


(46) 

U7) 


Minimum comi)ression in concrete =» o. 

Minimum compression in steel, which is very small, 

fiN [20] . 

bh(i -I- 2 ;P) L ^ h \ ^ 

(4) Thrust applied at such distance from the gravity axis that there is 
tension at one surface, as in Fig. 1 76. 

The most important question for decision is the compression in the con- 
crete, which must not exceed a safe working stress and is readily found 
from formula (42), page 565, and the determination of whether the 
opposite surface is in tension or 
compression. A simple method 
for determining this is given n the 
following paragraphs together 
•with a diagram, further simpli- 
fying the process. 

If the eccentricity is so great 
that tensile stress is found in the 
concrete as determined by methods 
described in the following para- 
graphs, a special treatment must 
be given to determine the stresses, 
as discussed on page 570. 

In case the result from formula (44) is negative, the stress on this surface 
of the concrete is tension. 

Eccentricity. As in plain concrete arches; the location of the center 
of thrust determines the distribution of the stress. The stress on one side of 


if'phh 



1 - ■ - 1 


N \':.A 




c 

f 1 
1 

; 

AROH, 

1 STEsi? 

I<N 

AXIS 

t - - J 

iJTpbh ^ 


Lj 

131 


r 



Fig. 174. — Stresses Caused by a Force 
Producing Compression upon the 
Whole Reinforced Section. {See p. 
5^5) 


n ratio elasticity. N -* thrust, /c compression in concrete. /« tension or miAimum' . 
compression in steel, h -• breadth, h «> height, p — ratio of steel. R ^ resukant of foreet.- . 
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the gravity a3ds is always compression and if the thrust acts at the gravity 
axis there is uniform compression over the section. As the center of 
thrust lies farther and farther from the gravity axis, the compression at the 
opposite surface decreases until finally it becomes zero and then tension. 

Equation (44), page 

^ ! 565, gives a means of 

~ ■ ■■'-■ = — — ^ determining the eqcen- 

^1 — I tricity for which there 

f \ — : qravit4axi8 can be neither tensionnor 

] compression at the sur- 

Y ; » « face opj)Osite to that on 

-- - — I- I - v\hi(h the thrust acts 

^ * For a reinforced arch this 

Fig 175 —Stresses Caused by a Force Acting at eccenirit ity is usually 
a Distance from Center of Gravity of Rein- 

forced Section (Seep 566) more than * that is, the 

6 

line of pressure must not necessarily lie within the middle third. 

When the first term in the brackets of this equation is greater than the 
S'^cond, the minimum stress in the concrete will be in compression; when 
the two terms are equal, the stress is zeio in the outer edge of the concrete 
on the side opposite to 

that onwhich the thrust r^l — 

acts; when the second j ; 1 | ^ 

term is greater than the \ ^ i 

first, this stress will be . gravity AXi8___;^ 

tension. By equating \ i 

the two terms the value V ? 

of the eccentricity, e, ^ - 

may be found for which — Stresses Caused by a Force Acting at a 

the StieSS at the edge Distance Lartrer than from the Axis of Gravitv 


Fig 175 — Stresses Caused by a Force Acting at 
a Distance eQ from Center of Gravity of Rein- 
forced Section (See p 566 ) 


Using previousnota- 
tion and also letting ^0 • 


Fig 176 — Stresses Caused by a Force Acting at a 
Distance Larger than from the Axis of Gravity 
of Reinforced Section (Sec p s66) 


tion and also letting — value of e which makes the stress zero 

/i* + 12 npa^ I , . 

*0 r-/- Xi. 

® 1 np 6 h 

If the computed eccentricity, e, is greater than the concrete is in tension. 
Diagram for Determining Compression and Eccentricity. By intro- 
ducing selected values for some of the letters in formula (49) its solution 
is simplified. If the ratio of moduli of elasticity of steel to concrete is 

< eccentriat^. h - hdght. n — ratio elasticity, p - ratio of steel. « 
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assumed to be 15, and if the steel is assumed to be imbedded in the con- 

4h 


which is a close 


(so) 


Crete of the total depth from each surface so that 2a 

approximation in ordinary design, formula (49) becomes 

Cq 1+28.8^ 
h 6 -h go p 

where is the eccentricity producing zero stress at one surface divided 
h 

by the total tliickness of the arch or beam. The curve in the lower right hand 
portion of the diagram, Fig. 177, page 569, is plotted and the values of - ® 

ft 

can he read for any percentage of reinforcement. For examine, if h at any 
section is 30 inches and the percentage of steel 0.8% (i. e., if = 0.008) 
^0 

- = 0.183 from the diagram, and hence =» 5.49. I'hat is, the center of 

thrust cannot be more than 5.49 inches from the gravity axis without 
producing tension in the concrete. 

If, then, the e('ccntricityof the thrust on the section in question as previ- 
ously determined from the line of pressure, or from computation, is greater 
than the derived from the curve, there is tension in the concrete, and the 
percentage of steel may have to be increased or else the depth of section, h, 
increased. In the latter case it must be remembered that an increase in h 
with the same area of steel results in a reduction in the percentage of .steel. 

For determining the maximum compression in the concrete, the curves 
in the left-hand portion of the diagram. Fig. 177, have been drawn for 
certain values of nand p. If the same values are selected as are given above, 
n — 15 and 2a = the formula (42) on page 565 becomes 


Jc 


N 

hh 


[r 


+ 15/’ 

or for definite values of e, h and p 

fc 


€ 

ii 

NC\ 

bh 


6 

1+28 


8 /). 


(SI) 


(Sa) 


, c 

In the diagram mentioned, the values of are plotted for values of 7 

h 

and different percentages of steel. 

To illustrate the use of the diagram, after having found that the eccentric- 
ity does not produce tension in the concrete, if the eccentricity is 3 inches 

N thrust, jc "• compression in concrete, h -■ breadth, h height, e eccentric!^. 
4 ratio of steel. Ce — constant. 



.0 


.2 A .6 .8 LO 1.2 1.4 1.6 

PERCENTAGE REINFORCEMENT 
-Diagram for Determining Compression and Eccentricity. (See p. 567. 
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and the thickness of the arch, h, is 30 inches, the value of for 0.8% steel 

1.38 JV. 

(that is, for ^ « o 008) is 1.38 and 

Distiibution of Stress When One Surface is in Tension. When 

the thrust is applied at a distance from the gravity axis with eccentrictiy, e, 
greater than tliat given for by formula (49), page 567, and the concrete 
is assumed unable to carry any tension^ the above general formulas are 
not easily applied and the following method may be used. Here the steel 
on the side opposite to that on which the thrust acts is designed to carry all 
the tensile stresses In this case having a section with a bending moment 
and thrust, there are three unit stresses to be determined, namely, maxi- 



Fig 1 78 — Stresses Caused by a Force Producing Compression and Tension 
upon a Reinforced Section Tensile Strength of Concrete Neglected {See 
P 570) 


mum unit compression in concrete, maximum unit compression in steel, 
and maximum unit tension in steel T he method of jiroccdure is similar 
to that used for beams in Apptndix II, page 7«;7 Referring to Fig 178, 
the unit stress in the upper steel, as shown b> insjicclion, is 

/; - «/c ( I - Ij, ) (S3) 

The unit tendon in the lower sted is 


d - kh 

•C* “ kh 


( 54 ) 


Henc^ when the compression in concrete, is known, the stresses in the 
steel determined by the above formulas Since the sum of the stresses 


ratio elasticity. ^ thrust, /e compressioii m concrete. /«•« tension m rteei 
A compression in steel h » breadth h *<- height, p •• ratio of steel k — ratio depth 
Aevtralaxis d » depth tennon steel, d' « depth compression steel R » resultant of fercea* 
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acting on the section must be equal to the thrust, we have, since each steel 
area is 

/,pbh f,hkh J,pbh 

^ T"-~T" (ss) 

Placing values of ^ and/, from (53) and (54) in (53), 

^ ^/cbhkJJ^jjnpk^ (S6) 

2 k 

The moment of the stresses about the gravity axis, which is obtained by 
taking the sum of the moments of all the stresses about the gravity axis 
and eliminating/^ and by use of equations (53) and (54), is 

r npa^ k . . 

r k k^'\ 

Designating by the quantity ^^3^ ^ 4 6 1 equation (57) 

we may write 

M^CJph^ (58) 

Hence in investigating a given section of an arch, if M, 6, are known, 

the unit compression in the concrete is 


To solve this equation easily, values of should be taken from curves. 
Fig. 180, page 573, gives values of for » « 15, 2a ■* and various 
values of k. 

Evidently before using equations (57) or (59) to find the unit compres< 
sion in the concrete, the position of the neutral axis must first be determined. 
To do this we must find the value of k. Since the moment M — Ncy that is, 
the thrust multiplied by the eccentricity, equation (56) may be multiplied 
by e and equated to (57). From this process, the following equation con- 
taining k is obtained 


ife* +3 


(i-j) 


e e 6 npa^ 

k‘ + 6npk^ = 3np-^ + -j^. 


M m moment, n — ratio elasticity. N — thrust, /c— compression in concrete. /#«• tension 
in steel. /'« » compression in steel, h «• breadth, k ■■ height. § eccentridqr. p «■ ratio 
of seed. \ «■ ratio depth neutral axis* Ca «• constant. 




VALUES OF ECCENTRICITY ' 


Pio. X 7 9. —Diagram for Determining Depths of Neutral Axis for Different Eccen- 

4 

tricities. Based on4» « 15 and sa jh. {Set p, 574.) 
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and k may be obtained from this equation if the size of section, percentage 
of steel and eccentricity are known. 

e A 

By solving this formula for - , using » = 15 and aa=-h, we have 

" S 

-1 = - + U A P 

h + 9° Pk — AS P 

e 

from which equation, curves for^are readily drawn for different percen- 
tages of steel. In Fig. 179, page 572, curves are plotted by this formula, 
using » = 15 and 2a « |/i, and from these the depth of the neutral axis 
may be found.* This is illustrated in the example, page 580. 

In finding the unit compressive stress in the concrete for a given section 
having an eccentricity greater than (see page 567) and containing a known 
quant ty of steel, (he following quantities would be known: breadth, h\ 
depth, h\ ratio of steel, p\ ratio of elasticity, n\ eccentricity, e\ and moment, 
Ma The method of procedure of finding the maximum compression in 
the concrete, may then be as follows. 
e 

Determine-. Enter the bottom of Fig. 179, page 572, with this value 

^ and find the k corresponding for the given percentage of steel. Then with 

this value of k enter Fig. 180, page 573, and find C^. Apply formula (59), 
M 

page 571, where/, « 

Having found the unit stress in the concrete, the unit stresses in the steel 
may be determined from formulas (53) and (54), page 570. 

METHOD OF PROCEDURE FOR THE DESIGN OF AN AROH. 

The design of an arch is a trial process; the design being selected and 
then investigated to see if the sections are of sufficient strength. If the arch 


*If the value of k must be determined directly, substitute A — x- 
equation (6o) takes the form ^ ^ o, and since by Cardan’s formula, 

* - ^ - h +yl (it) + - -yf + ( 7 ^ ) 

Ae value of A may be computed. This follows the method suggested by Professor Morsh in "Der 
Eiseobetonbau/’ 1906, p. 111. 

A — height, e *• eccentricity, p — ratio of steel. A — ratio depth neutral 
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first chosen is too large or too small it must be revised and the process 
repeated. 

Since the location of the line of pressure and also the stresses are affected 
by the loading, it is customary either to compute the arch for the dead load 
plus concentrated loads located at the most unfavorable positions, or else 
to compute it for the dead load plus a uniform live load covering one-half 
the arch and also covering the entire arch, to see that the working stresses 
are not exceeded. 

The following steps indicate the method of procedure for the design of a 
highway bridge shown in folding Fig. i8i, opposite page 580. The com- 
putations are for the live load over one-half the span. The procedure is 
similar when the entire span is loaded. 

1. Lay out on a drawing the preliminary curve assumed for the in- 
trados. (See p. 540). 

2. Assume a crown thickness in accordance with the formula on page 541 . 

3. Lay out the curve of the extrados and the surface of the roadway. 
The extrados may be a 3-centered curve, but it is better to use an arc of 
a circle if possible. It should be so placed as to give a ring thickness at 
the quarter points of the span of to ij times the crown thickness, and 
a ring thickness at the springings of 2 or 3 times the crown thickness in 
this first trial. 

4 Draw the arch axis midway between the extrados and the intrados. 
5. Divide the arch axis into distances such that the ratio of each distance 
to the moment of inertia of the cross-section of the ring at the center of the 

5 

distance is a constant; that is, y is a constant. This can be done by trial 

by beginning at the crown and working towards the springings or by the 
method described on page 554. The moment of inertia is of the combined 
section of concrete and steel about the gravity axis, hence the size and posi- 
tion of the steel rods must be first assumed, when I may be computed by 
the formula on page 565. The ratio of area of steel to total area of section 
at crown may be arbitrarily taken in the first place from 0.007 0.6125, 

that is from 0.7 % to i J %. The divisions are separated by vertical sections. 
In the problem here solved the distance, s, next to the crown is 1.14 ft., 

5 

and that next to the springing is 7.82 ft. The constant ratio, y for this arch 

is 1 1.4* On folding Fig. 181 the centers of the divisions are shown by circles 
and are numbered i, 2, 3, etc. All distances are in feet and all quantities 

^Creftter accuracy may be obtained by using a larger number of divitiooi than here chosen, 
and also by subdividing loads P, and 
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involving distance are in foot units. A section of the arch i foot wide 
transversely is considered. 

6. Compute the dead and live loads and enter these loads as indicated 
by Pj Pj, etc., at the center of gravity of each division. In the accompany- 
ing design, a live load of too' j)ounds per square foot covers the right half 
span, while on the left is the dcjid load alone of the masonry taken at 150 
pounds per cubic foot plus the earth fill taken at 100 pounds per cubic foot. 

Table i. Ordinates and Moments in Computation of Example 


Points 1 

X 1 

y ; 

i 




; 1 

1 



10 and 

II 

0.56 

o.oij 

^•3! 

i 

0.00 

1 

00 


' 

oJ 


00 

9 and 

12 

i. 7 f 

0.04, 

2.9 

O.OOi 

391 

521! 

668 

891I 

16 

21 

8 and 


2.88: 

O.II 

8.3 

o.oij 

I 205: 

I 6031 

! 3 470 ’ 

4616! 

132 

176 

7 and 

14! 

4. Mi 

0.231 

16.9 

.0.05' 

2 520- 

3346 

10 357 

13 75 i 

580 

770 

6 and 

*5 

5-431 

0.39 

29.5 

0.15 

44/1 

S 9»3 

H i 77 i 

32 162 

1 743 ; 

2 310 

5 and 

i6| 

6.89I 

0.63' 

47-5 

0.40 

7 3*7, 

9 672 

50 4 « 3 i 

66 640! 

4 M 

6093 

4 and 

J7I 

»- 57 i 

0.97; 

73 - 5 ; 

0.94 

II 5S4 

15 216 

99 275. 

130 401 

11 ^ 37 ; 

14 759 

3 and 

iS 

10 - 59 ; 

1 - 50 , 

112.2 

2.25 

! 18 242; 

n 791 

193 1831 

251 947, 

27 363, 

35686 

2 and 

19 

13 - 17 ! 

2.39 

173-5 

5 - 7 ii 

29 480' 

380 4 S 

1 38 Si 5 ^i 

501 053 

70 457 | 

90 928 

I and 

20 

17.94' 

5-14' 

3^1-3, 

26 . 4 I| 

S« 553' 

74 19* 

1 052 235 

I 331 0041 

301 476 

381 347 

2' 

j 

1 

i ^ 

! 

II. 41 , 

786.4 

35-9^1 

•33873' 

172 309 

I 822 200 

3 332 466 ^ 

417 62oj 

532 090 


All ili&tances in foot-units; all moments in foot-pounds 


Values of and at crown for Live and Dead Loads. 

1^(417 6 io + 532000) — 11.41 (133 873 + 172 309) 

® “ 2 [lo X 35.92 — (1 1. 41) *] J*>. 

1822200 — 2332466 

Tg — = — lb. 

« 1573 ^ 

172 300 + 133 873 ~ 2 X 13,107 X 11.41 , , 

Me =» - - == + 354 ft. lb. 

Values of and at crown for Rise in Temperature. 

I .0000055 X 20 X 41.88 X 10 X 2000000 X 144 
” 11.4 2(10 X 35.92 — (11.41)2] "" 

.. - M45 X 11.41 

Mr »=• — - 2900 ft. lb. 

Values of and Af^ at crown for Rib Shortening. 

rr * X 41.88 X IQ X 144 

^ " 11.4 2 [10 X 35,92 - (ii.4iyj “ “ 

- 760 X 11.41 

— . + 870 ft. lb 


The horizontal components of the earth pressure are so small that they 
are neglected, except that, for purposes of illustration, they are shown in 
the case of the load adjoining each springing, where the horizontal compo- 
nents are computed by formulas for earth pressure on page 666. The 
point of application of the horizontal and vertical components, as shown 
for P„ is taken at the arch axis. In practice, earth pressure is negligible 
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in the design of flat arch rings of the type here selected, and all loads may 
be taken as vertical. Only where the ratio of rise to span is large need the 
horizontal components of the earth pressure be considered. 

7. Make a table similar to Table i, page 576. The values of x and y 
are scaled from the dravnng, and are the coordinates of the renter points of 
the divisions of the arch axis. The crown point of arch axis is here taken 
as the origin of coordinates. The values of M and Mj^ are computed. M 
represents the moment at each of the center points i to 10 inclusive of all 
loads lying between the point in (question and the crown. Thus Mj^ for 
point 10 is o; for point 9, Mj^^- 340 X 1. 15 =391 ft. lb.; for point 8, 

391 + 696 X 1. 17 =* 1205 ft. lb., and so on. The moment at each ‘‘center” 
point being obtained from that at each preceding “center” point. Mj^ of 
course represents the moment at each of the center points 1 1 to 20 inclusive 
of all loads lying between the point in question and the crown. For a 
symmetrical loading would equal Mji for each pair of center points, 
such as I and 20. 

8. Compute 11 ^ Jlfc that is, the thrust, shear and moment at the 
crown, as on page 576, by using equations (16), (17), and (18), page 553. 
If the sign of is }>lus the line of i)rcssurc (equilibrium polygon) at the 
crown slopes ui)ward towards the left; if minus, as in the present case, 
upwards toward the right. A p us sign for indicates a positive moment; 
a minus sign, a negative moment at the crown. For the arch in folding 
Fig. 18 1, t!ie crown thrust II ^ == 13 107 pounds, = — 324 pounds and 
Me + 354 ft- pounds. 

9. Draw a force polygon as shown in folding Fig. 18 1 by laying off to 
scale the loads P„ etc., as o — i, 1 — 2, etc. F*ind the pole by laying 
off Ve downward (because negative) from the crown point, 10, and then 
laying off IT ^ horizontal. The hypothenuse of the triangle having 
and Ve for sides thus slopes upward to left or upward to right, according 
as Ve is 4* or -. 

10. Draw the equilibrium polygon as shown on the arch of folding Fig. 
1 81. The resultant pressure acts above the axis at the crown a distance, 
Me 

- ■ »= e if Me is plus, and below by the same amount if M^ is minus. 

c 

Since here, as is shown later, e « +0.028 feet, this distance is laid off verti- 
cally above the axis at the crown and through this point the resultant pres- 
sure is drawn parallel to the ray oi the force polygon and so on. It is 
not really necessary to draw the equilibrium polygon if the moments and 
eccentricities arc computed for the various sections as outlined under item 
II, but the polygon, which is the line of pressure, affords a good check on 
the algebraic work. 
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XI. Determine the moment, thrust, and eccentricity, and if desired the 
shear at the center points, i, 3, etc , of the divisions, and enter in a table 
as shown below The moment is computed from formulas (19) and (20) 
on page 554, the values of whose terms have already been found by items 
7 and 8. The thrust and shear may be scaled from the force polygon. For 
example, at section i on folding Fig 18 1 the thrust line is drawn parallel 
to the tangent to the axis at i, and the shear line at right angles to the thrust 
line The eccentricities, e, of the sections i, 2, 3, etc , are computed by 
dividing the moment on the section (see page 561) by the thrust for that 
section just sealed For positive moments and therefore positive values of 
the line of thrust lies above the arch axis 

12 Compute the thrust and moment at the crown due to variation in 
temperature by formulas (25) and (26), page 50, the moments on the 

Taiilx 2 Ftnal Moments and Thrusts 


IIVEANDDLAO TFMPFRAri KT RIR SIIORTtNING 


i 

Point 

Key 1 

V,x 

Mom 

Thrust 

Ecc 

Mom 

1 Thrust 1 

Mom 

Thrust 

1 

67370 

-5812 

+ 3259 

4 14360 

+0 23 

L 10180 

J.1970 

-3030 

— 610 

2 

31335 

-4267 

— 2068 

4- 14000 

~o 15 

db 3180 

i:23io 

“ 950 

— 700 

3 

19660 

-3431 

-1659 

+ 13920 

—0 I-. 

± 910 

±2430 

— 270 

-730 

4 

12713 

-2777 

-1293 

+ 13600 

—0 10 

=b 440 

±2500 

+ 130 

-740 

7 

3014 

-1331 

- 483 

+ 13140 

—o 04 

T 2320 

-i-aS30 

+ 690 

— 760 

9 

514 

- 554 

- 67 

+ 13160 

0 005 

2S00 

-i»545 1 

+ 840 

— 760 

12 

524 

~ 554 

+ 911 

+ 13120 

+0 07 

■f 2S00 

I12545 

+ 840 

-/60 

»4 

3014 

-1331 

+ 1333 

1 +•13200 

+0 10 

^ 23-0 

+ 2530 

+ 690 

-760 

17 

12713 

-2777 

+ (27 

* +13640 

+0 05 

+ 440 

t2500 

+ 130 

-740 

18 

19660 

-3431 

- 346 

+ 14040 

— o 03 

+ 910 

+-430 

— 270 

1 -730 

«9 

31315 

-4267 

— 20 9 

4- 14200 

0 15 

± 31S0 

-t-,IO 

9'JO 

— 700 

20 

67370 

— 5812 

- 656 

1 +I4'?40 

0 04 

db loiSo 

-h 1970 

3030 

— 610 


Thrusts in lb Moments in ft lb Shear in arch design is sm ill and need not be computed 


various sections by formula (27), page 557, and the thrusts and shears by 
resolving the crown thrust into tangential and radial components, as shown 
in the small force polygon in the diagram 
A rise in temperature of 20 degrees Fahr , and a fall of the same amount, 
is sufficient even in the northern part of the United States for arches with 
tilled spandrels. 

For the arch shown on folding Fig 1 81 the crown thrust due to 
temperature, is a tension of 2545 lbs , and a compression of equal amount. 
The crown moment is + 2900 ft. lb and — 2900 ft lb 

13. The effect of rib shortening due to the thrust is comparatively slight 
Where necessary to compute it, use formula (31) and (32), page 558. (See 

p- 576 ) 

For the problem here shown the thrust at croi^ due to this cause is 
— 760 lb , and the moment is +870 ft lb. 

T4. Having prepared a table similar to Table 2, page 578^ showing 
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thrusts and moirients on the various sections i, a, 3, etc., due to dead and 
live loads, temperature, and rib shortening, compute the maximum unit 
compression in Jthe concrete and maximum unit tension, if any, in the steel 
by use of formulas on pages 565 to 574. 

Table 2 shows thrusts and moments for only a few of the sections of this 
arch, since it is unnecessary to compute all of them. A selection of the 
more critical sections may be made by inspection of the equilibrium poly- 
gon. The following shows the computation of the maximum unit stresses 
at the crown for the arch infolding Fig. 181, as outlined in items ii to 13. 


Live and Dead Loads and Rib 
Shortening. 

Moment Thrust 

+ 354 + 13 107 Live and dead 

+ 870 — 760 Rib shortening 


Live and Dead Loads and Rib 
Shortening Plus Temper- 
ature. 

Moment Thrust 

-f- 1224 + 12347 

4 - 2900 — 2545 Temp. 


+ I224ft.lb. +12347 lb. 
M 1224 


o.i ft. 


N 12347 
p =* ratio of steel at crown =0.0092 
Consulting lower right hand part 
of Fig. 177, page 569, it is seen that 


^0 

the value of ^ for 0.92% is greater 

than ^ =0.1. Hence there is com- 
h 


pression over the entire section. 

From formula (42), page 565, max. 
compression in concrete, 

i^2347 r I 

I X I L I + 15 ( 0092) 

6 (i) o-i 1 

(ly + 12 (is) .0092 (i)’ J 
= 1 7100 lb. per sq. ft. 

= 119 lb. per sq. in. 

Stresses in steel need not be com- 
puted. 

The above may be more quickly 
solved by the use of the curves on 
the left part of Fig. 177, page 569. 


+ 4124 ft. lb. + 9802 lb. 

M 4124 

Ar “ = "V “ -42 ft. 

N 9802 

Consulting lower right hand part 
of Fig. 177, page 569, it is seen that 
^0 

the value of ^ for 0.92% of steel 


e 0.42 

is much smaller than — - — 

h I 

0.42. Hence there is tension over a 
part of the section. 

From formula (60), page 571, the 
value of k is found to be 0.6. From 
formula (59), page 571, the value of 
the maximum compression = 35 700 
pounds per square foot — 248 pounds 
per square inch. From formula (54) , 
page 570, maximum tension in steel 
— 1440 pounds per square inch. 

The approximate value of the 
above compression in concrete may 
be more quickly found by the use 
of curves. Fig 179 and z8o, and 
pages 572 and 573 as shown below. 


fc — compresnon in concrete. « — eccentricity. M momeot. N tbniit. k heigbt. 
k ■■ ratio depth neutral alia. « dittanoe centre of giavi^ to tied- 
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The method of computation for other points in the arch is similar, and ' 
stresses should be determined at sections where they appear to be the max- 
imum. 

From table 2 it is evident that although at point 20 the moment due to 
dead and live load is very small, its combination with moments due to tem- 
perature and rib shortening makes it one of the critical points. The moment 
and thrust due to live and dead load and rib shortening is 
M ~ — 656 —3030 =- — 3636 ft. lb. and N == 141^40 — 610 =* 142301b. 

3686 e 

Hence, 0*26 ft., for h = 1.97, 0.13, p == 0.0037. 


14230 


Inspecting the lower part of Fig. 177, page 569, it is seen that the whole 

. . . ' e 

section IS in compression. From the same diagram for = 0.13 and />= 

0.0037, C-=“I.65. Using formula (52), page — ” — 

1.97X1 12x12 

83 lb. per. sq. in. 

Combine nqw the moment and thrust due to live and dead load with 
those due to temperature and obtain il/ — — (10 180 -f 3686) — — 13866 


ft. lb., N ■■ 


1970 + 14230 = 12260 lb., c — 1. 13 ft. — 0.57. 


In Fig. 179, page 572, k = 0.37 corresponds to ~ 0.57. By locating 
this value of k in Fig. 180, the constant ^ 0.094 is obtained, which sub- 
stituted in formula (59), page 571, gives i, = 

0.094 X 12 X (1.97 X 12/ 
= 264 lb. per sq. in. The stress in steel from formula (54) is ^ = 15 X 264 

1.80 — 0.37 X 1.97 o ,, 

zi. = ^800 lb. per sq. m. 

0.37 X 1.97 

Similar computations should be made for all critical points and when the 
stresses are either too small or too large, the dimensions or even the shape 
of the arch must be changed. Small changes may be made without refigur- 
ing the whole arch. For larger changes, all computations should be re- 
peated and a new line of pressure determined. 


LOADINGS TO USE IN COMPUTATIONS 

The usual practice is to make two sets of computations; in the fiirst place, 
proportion the arch ring for a live load covering the entire span and then 
for one covering only one-half the span. These two loadings are approxi- 
mations, more or less exact, to the true loadings which produce the maxi- 
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mum effects. By computing a table for the thrusts and moments due to a 
load of unity at different points, or by the use of influence lines, the exact 
loading to cause maximum stresses may be found. 

ALLOWABLE UNIT STRESSES 

For highway bridges the maximum compression in the concrete of the 
ring should not exceed 500 pounds per square inch due to live and dead 
loads, nor more than 600 pounds per square inch due to live and dead 
loads, temperature and rib shortening combined. For railroad bridges 
three-fourths of the above values may be used 

DESIGN OF ABUTMENT 

The design of the foundation of an arch bridge is as important as that 
of the arch itself. The arch is designed on the assumption that the founda- 
tion is unyielding, and this condition must be approached as nearly as pos- 
sible in order to insure the stability of the whole structure. 

The depth of the foundation as well as the shape is dependent upon the 
local conditions, and in the more difficult cases these have to be chosen after 
exhaustive studies A certain shape of abutment is first assumed, and this 
is then reviewed to see that the load upon the ground does not exceed the 
allowable load and that it is well distributed Allowable loads are discussed 
on page 541. 

The forces acting on the foundation are 

(1) the thrust of the arch, (2) the weight of the foundation, (3) the 
weight of the earth above it, and (4) the lateral earth pressure The thrust 
of the arch is the largest when the live loading extends over the whole span 
of the arch, and for this the line of pressure should be drawn first A line 
of pressure for the thrust on account of the total dead load and of the live 
load extending only over one-half the span opposite to the abutment also 
should be drawn to see whether, because of intersecting the abutment higher 
up, it does not produce larger pressure on the foundation A good 
scheme is to design the abutment in such a way that the line of pressure 
on account of one thrust intersects the base a little way to the left of 
the center while the other intersects to the right of the center. In some 
cases a third line for the total dead load, plus live load on the half span 
nearest the abutment should also be^drawn 

The line of pressure of the forces should be as near to the center of the 
base as possible, since the maximum unit pressure is the smallest when the 
load is distributed uniformly over the entire section. This also prevents 
uneven settling of the foundation, and thus adds considerably to the stability 
of the whole structure. 




(NOT TO SCALE) 
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Fig. 182, page 584, clearly illustrates the design of an abutment. The 
outline is assumed, then the location and magnitude of the forces acting 
upon the abutment are found and the line of pressure determined. If the 
assumed outline is not satisfactory it should be revised. 

For the benefit of those who are not familiar with the common principles 
of such design, the steps will be considered in detail. The magnitude, 20,500 
pounds, and position of the arch thrust is given in the arch example. Since 
the weight of the masonry acts through its center of gravity, this point must 
next be found and this is most readily done by dividing the outline of the 
abutment into triangles and rectangles. The weights of each of these prisms 
one foot thick are readily computed, and the center of gravity found through 
which the weight force acts. A force polygon for any pole distance, as 
shown in the upper left corner of the diagram, is drawn and the equilibrium 
polygon, by the intersection of the closing lines, locates the resultant of the 
weight which, by computation, is found to be 5850 pounds. 

The pressure on A B consists of the horizontal pressure on BE, and the 
weight of the prism of earth whose cross-section is ABFC* and thickness 
one foot. Taking the weight of one cubic foot of filling at 100 pounds, the 

weight of the prism would be ^ X 6.3 X too *= 7880 pounds. 

2 

I'he horizontal pressure on BE is equal to the difference between the pres- 
sures on BE and EF. 

Let 

w =» weight of one cubic foot of earth, 
then, if the weight of earth is assumed at 100 pounds, from formula (2), 
j)agc 664, pressure on the plane 

w 100 

BF = X X^BF = X 15 X i 15 « 1870 pounds, 

and on the plane 

w 100 

EF X EF X i EF - X 10 X 4 10 =» 830 pounds. 

Hence horizontal pressure on plane BE =• 1040 pounds. 

The point of application is found from the formula (7), page 666. 

In the case under consideration H = 15 feet, h 10 feet, where H is the 
depth of point B and h the depth oi A ox E below the line of surcharge. 

The horizontal pressure on BC is by formula (6), page 666, 180 pounds, 
and the point of application may be assumed in the middle of BC without 
appreciable error. 


* The live load being 100 pounds per foot is equivalent to a surcharge one foot in height. 
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Having thus located all forces and found their magnitude, the line jpf 
pressure is drawn. This procedure consists simply in finding the resultant 
of two forces intersecting in one point. The line representing the thrust is 
prolonged until it intersects the line representing the weight of masoniy, 
5850 pounds. Beginning at this, the magnitude of the thrust, 20,500 pounds, 
is laid off to any desired scale and the resultant of this with the weight of the 
masonry, 5850 pounds, is found to be 25,200 pounds. Combining this new 
force in turn with the earth pressures of 8100 pounds and 180 pounds com- 
pletes the line of pressure with a final resultant thrust of 31,500 pounds. 

Having found the line of pressure, the thrust is divided by the projection 
of the base on a line at light angles to the thrust and the maximum pressure 
on the ground is found by formula (36), page 562, to be 5000 pounds per square . 
foot. 

The same result is obtainable by the following simple graphical method: 

Find the average unit pressure by dividing the thrust by the area of the 
projection of the base, drawn perpendicular to the thrust. In this case we 

have = 4500 pounds per square foot. Plot this, to any convenient 

7 

scale, perpendicular to the projection to the base at its center; connect the 
Jpointsof the base with the top of this perpendicular, as shown by the dash 
lines ip Fig, 182, and produce one of these lines till it intersects the line rep- 
resenting the direction of the thrust. The perpendicular distance of this 
point from the projection of the base is the maximum thrust and the dis- 
tance of the other intersection of a slanting line with the thrust line is the 
minimum thrust. To draw the trapezoid of pressure, draw, through these 
two intersections, lines parallel to the projection of the base, as shown, and 
the extremities of these parallel lines will fix the two comers of the trap- 
ezoid. The maximum pressure is always at the end of the base nearest the 
thrust. 


ERECTION 

As in other reinforced structures, the erection is as important as the design. 
Perhaps the first essential is the centering which should be planned out in 
advance almost as carefully as the arch itself. 

Methods of Arch Construction. There are two general methods of 
laying the concrete in an arch, each of which has strong advocates. By 
the first, the arch is laid in separate blocks across the bridge, and by the 
second, in narrow ribs from abutment to abutment. If the block method 
is followed, the lowest stones at the springing line are laid first, then stones 
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intennediate between the spxixtg^ and the key^ next the two stones each dde 
of the key, and finally, after filling in the intermediate blocks, the key is 
placed. This distributes the weight of the concrete uniformly over the 
arch center, and prevents unequal settlement, which tends to crack the 
arch near the springing lines. On the other hand, the entire weight falls 
upon the center, and the latter must be very strongly built. The arch 
thrust acts at right angles to the joints, and as the blocks extend clear 
across the bndgc, there is no danger of longitudinal splitting, but the radial 
joints offer planes of weakness in bending 

By the other method the work can be readily arranged so that a day’s 
labor consists of the laying of a single rib, thus forming a complete arch of 
itself, which as soon as it sets bears its own weight This aia:h section has 
no joints, so that when subsequently loaded the bending moment is best 
resisted. 

A small arch, where the center can be solidly built, may be laid at one 
operation, commencing at both abutments and working toward the key 
so that it is in fact a monolith. 

The spandrel or face walls may be carried up at the same time the arch 
ring is laid, or may be connected with it later by leaving short lengths of 
steel projecting radially from the concrete of the arch. 

If steel is introduced, the consistency of the i oncrctc must be wet enough 
to thoroughly coat it. This may be accomplished by a quaking or jelly- 
like mixture, which requires but slight ramming 

From an architectural point of view, the treatment of the face is of much 
importance For a discussion of the different methods reference should 
he made to page 288. 

Railings and ornamental work may be cast in molds if jirefcrred and 
put in place after hardening 

Centering. The falsework for concrete arches is practically the same 
as for stone arches except that close lagging is necessary. It must be rigid 
during the construction of the arch and stiff enough to prevent its distor- 
tion from the unsupported weight of the concrete before the keying of the 
arch. 

The design of the centering is frequently governed by the character of 
the ground underneath. In general the framed wood centering made into 
a truss rests upon pile or trestle bents The spacing of these bents is deter- 
mined by the foundation and the difficulty of placing them, and by the 
height and span of the arch. In certain ca^es it is possible to support the 
centering in whole or in part by the reinforcement, although this is not 
usually economical because more carefully framed steel is required than is 
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necessary for reinforcing the arch. In at least one case* reinforced con- 
crete forms were used. 

In connection with the description of arch centers which he has built, Mr. 
James W. RoUinsf, Jr., gives the following notes: 

For small arches the simplest center is a circular rib made of three pieces 
of 2-inch plank, laid with broken joints, all being spiked solidly together, 
with a tie of plank at the springing. On thi^, i-inch lagging is laid close. 
For a larger arch, the circular rib, as above described, with generally three 
braces, one at center and one on the quarter at each side, is used, the 
center of the whole rib having a post under it. We have used such a center 
up to 30-foot span for both brick and granite arches, carrying a 30-inch arch 
sheeting. 

The design of a center for larger arches depends upon local conditions, 
also upon the relation of rise to span. In flat arches, with low side walls, 
it is well to use posts with intermediate bracing, on numerous supports. 
In a high arch we may use long braces extending directly from a center 
support to the rib, at intervals of 6 feet to 8 feet. 

Mr. Rollins advocated for wedges, seasoned oak, 8 inches wide, 4 inches 
thick at the thick end, 2 inches at the thin end, and 18 inches long, planed 
on sliding faces, and thoroughly greased. When setting the center, these 
wedges, placed between the caps on the bents and the corbels under the 
lower chord of rib, are tacked together to prevent sli})ping. 

Boxes filled with sand are frequently used between the caps of the bents 
and the lower chords of the trusses in place of wood wedges. The sand 
in these must be thoroughly packed to prevent settlement of the concrete 
before setting. The sand is readily removed by letting it out through a hole 
in the box. Jack-screws also may answer the same purpose as wedges or 
sand boxes. By any of these means the centering is easily lowered. 

The ribs of the centering are usually made of several pieces of plank 
spiked or bolted together. Upon the ribs rests the lagging, which usually 
consists of one or two layers of planking having the top surface smoothed 
to give a good surface to the soffit of the arch, and laid with tight joints. 
With thin lagging care must be taken to prevent deflection. 

Instead of the ribs forming a part of the truss, they are frequently sup- 
ported directly upon the wedges resting upon the caps of the bents, the 
posts of which run up to the soffit of the arch for that purpose. 

The centering should be camliered, that is, should be made higher than 
called for in the arch plans at the center, so that when it is removed, the arch 
will be in the position assumed for it in the design. Some engineers make 

*Enginetr$ng News, Aug. 30, 1906, p. 215. 

t Journal Association of Engineering Societies, July 1901, p. 10. For examples of centers 
built in various places, see References, Chapter XXXI. 




Pig. 183. — Design of Mystic River Bridge, Medford, Mass. (See p. 590.) 
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the camber equal to the deflection of the arch ^hich would be caused by 
the live and dead loads 

In striking the centers sudden settlement must be avoided and the cen- 
ters! must not be removed until the concrete has attained good strength. 
The time of removal must be determined by the design of the bridge and 
the weather. For light highway bridges four weeks is usually suffi- 
cient, while for a heavy arch of long span eight weeks may be required. 

EXAMPLES OF AROH BRIDOES 

Bilyattc River Bridge, Medford, Mass This arch, illustrated in 
5 ^ 9 > Monicr type and carries a parkway over the 

river It was built in 1906 by the Metropolitan Park Commission, Mr 
John R. Rablin, Chief Engineer 

1 he arch has a span of 60 feet, a rise of 8 feet, and a crown thickness 
of 18 inches Both the intrados and the extrados are segmental The side 
walls are of concrete with a vertic il expansion joint at each abutment. 
The retaining wall for the earth fill over the abutments is of reinforced 
design and curved as shown in the details in the drawing 
Granite Branch Railroad Bridge. A railroad bridge of similar de- 
sign to the Mystic River Bridge was built by the Metropolitan Park 
Commission of only 4 feet longer span than the highway bndge described 
The heavier loading necessitated a thickness of crown of 24 inches instead 
of 18 inches with a thickness at springing still greater in proportion 
d-Hmged Ribbed Arch on Ross Dnve, Distnct of Columbia. A 
different type of structure and one which illustrates the combination of 
arch ribs with a reinforced concrete floor system is illustrated in hig 184, 
page 591. This was built in 1907 by the 1 ngineenng Commissioner, / 
Washington, D C , Mr. W J Douglas, J ngineer of Bndges 
The central arch is 100 feet clear span and is feet rise, and the roadway, 
which is 16 feet wide and macadamized, is laid upon a 6 inch reinforced 
concrete floor slab supported by longitudinal concrete girders which in turn 
rest upon columns supported directly by the concrete ribs The three arch 
ribs, which are reinforced as shown, are 2 feet wide throughout their length 
with a thickness of 2 feet 6 inches at the crown 
Each hinge consists of two steel castings, shown in detail, with a pin 4 
inches^ in diameter, and these hinges are imbedded in the concrete. An 
exp^EH^n j'oint is prorided in the roadway deck over each springing. The 
floor of the arch was computed for a 6-ton wagon, and the ribs for a liv^ 
load of xoo pounds per square foot of roadway The maximum compression 
on the concrete of the ribs under live and dead loads is 500 poun^ per 
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square inch, and there is no tension. The cost of the structure was $8000, 
which is equivalent to about $3.00 per square foot of the roadway. 

Walnut Lane Bridge, Philadelphia. A notable structure in concrete 
is the Walnut Lane Bridge built as it is with a clear span of 233 feet. 
The arch was completed in 1908 under the direction of the Bureau of Sur- 
veys, Mr. George S. Webster, Chief Engineer and Mr. Henry H. Quimby, 
Assistant Engineer. The principal arch consists of two ribs, upon which 
rest cross walls connected by small longitudinal arches of 20 feet span 
carrying the spandrel wall supporting the I-beams of the floor. 

A fine photograph of the arch is shown in Fig. 156, page 532, and cross 
sections illustrating the design in Fig. 185, page 592. The balustrade is 
entirely of concrete, the posts being molded on the ground and the sur- 
face washed off with water to reveal the aggregate. 

Other Notable Bridges. For references to other bridges built in recent 
years, see Chapter XXXI. 



Fio. Walnut Lane Bridge, Philadelphia. CSe#p. 599.) 
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CHAPTER XXIII 

SIDEWALKS, BASEMENT FLOORS AND PAVEMENTS 

The introduction of reliable American Portland cements has rendered 
concrete available for sidewalks and other similar purposes at a price not 
more than two-thirds of that previous to 1890, when German and English 
cements were used. Portland cement being thus commercially within 
reach of builders, masons have become familiar with its use, and concrete 
sidewalks, because of their economy and durability, are supplanting those 
of other materials. 

Street pavements are also being made of concrete, and with apparent 
success,* by methods similar to those which obtain in sidewalk construction. 

The essentials for a good concrete sidewalk arc an artificial foundation 
of firm but porous material, through which the rain water may percolate, 
a base of good strong concrete, and a wearing surface of rich mortar, 
troweled to a smooth, dense surface. The walk must be divided into 
blocks, with the joints between them forming lines of weakness, so that if 
any cracks occur through shrinkage, settlement, or frost, they will occur 
at the joints and thus not be noticeable. 

Vault light construction in concrete requires even greater skill than 
ordinary walks, and should never be attempted by inexperienced con- 
structors. 

The construction of basement floors is similar to sidewalk work except 
that in dry ground an artificial foundation is not always necessary, and, 
there being less danger of settlement and frost, the blocks of such a floor 
may be of larger size, having occasional joints to provide for contraction 
from changes in temperature. 

Floors above the ground level in buildings whose design is considered 
in Chapter XXIV, page 609, may be surfaced with mortar in a manner 
similar to the wearing surface of walks, or the concrete may be floated 
without the extra coating of mortar. 

MATERIALS FOR CONCRETE SIDEWALKS 

The selection of a first-class Portland cement is an absolute necessity .f 
Natural cements will not stand the wear, and Puzzolan cements are liable 

^Engineering News, Jan. z8, 1904, p. 84. 
fSee Cement Specifications, p. 29. 
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to surface deterioration from the action of the weather. Walks have been 
built with a Natural cement concrete base, and a wearing surface of Port- 
land cement mortar, but the rpsults have been unsatisfactory, for even 
if the surface coat is laid before the Natural cement concrete base has set 
the Portland cement does not adhere strongly and is likely to scale off. 

Mr. Harry T. Buttolph* suggests that the breaking up of the surface 
appears to be due to the difference in expansion of Natural and Portland 
cement. He has noticed that the surface of such slabs sometimes curls up 
like a sheet of paper. 

For the foundation, by which is meant the prepared surface underneath 
the concrete, any porous material such as broken stone, gravel (preferably 
with sand screened out), or cinders may be employed. 

For the base, which consists of a layer of concrete from 3 to 5 inches 
thick, ordinary materials, such as broken stone and sand, screened gravel 
and sand, or gravel as it comes from the bank without screening, may be 
used for the aggregate Unscreened gravel is not generally advisable, 
however, because a more uniform mixture can be obtained by screening 
the gravel and remixing the sand with it in definite proportions (See 
p . 1 1 2.) The proportions frequently used in our large cities for the concrete 
base are i part Portland cement to 2 parts sand to 5 parts stone, based in 
some localities upon the volume of cement as packed in the barrel, and in 
others upon the volume loose, although the resulting proportions obtained 
in the two cases are very different. (See p 218 ) In many cases these 
proportions are richer than is necessary. In Germany, i proportions i • 3 * 6 
are recommended for heavy duty, and i 5 10 for light work, while for 
ordinary requirements 1:4 8 are specified. The last two proportions 
appear rather lean for ordinary conditions, but i * 3 • 6, if the relative 
volumes are based on a unit of 3 8 cu. ft. to the barrel, should be satis- 
factory for ordinary conditions, with 1:2}$ for more important construc- 
tion, or for pavements to be subjected to severe usage, such as teaming. 
If the proportions are based upon the volume of cement measured loose, 
the required parts of sand and stone must be decreased by about 10%; 
thus 1:3:6 would become about i: af: 5J. 

The wearing surface, whose thickness varies in different specifications 
from 4 to I inch, should be laid with the same first-class Portland cement 
as is the base. ‘ Customary proportions are equal parts of cement and 
aggregate. Either sand, or fine crushed rock, or a mixtiure of the iwo, 

*F(!rso|i«l corretpondence. 

to Use Pordand Cement* translated from the German of L. GtdineUi by Spencd 
B N^isrberry, p. aS. ♦ 
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may be used to form the mortar. If crushed rock is used, — and good 
crushed rock is usually preferable to sand, — it should be of a texture such 
as granite or trap, which will break into cubical, rather than flat or lami- 
nated fragments. The size of crushed stone specified by the majority of 
engineers is that which will pass a J-inch sieve, although a few cities require 
finer material, Chicago, for example, specifying* torpedo sand ranging 
from J-inch down. Such sand is too fine to give a strong mortar. On the 
other hand, some cities, including Omaha, Neb.,t require crushed stone 
which will pass a ^-inch mesh sieve. 

The requirements in various cities throughout the United States in 1900 
are shown in the following table: 


Requirements in Various Cities. % {See p. 595.) 



Foundation 

City. 

t 



5 

•s 

Materi.U. 


jd 

H 


Boston .... 

1 

12 

Broken stone, gra\cl or 
cinders 

Rochester . . 

Philadelphia 

Washington 
Chicago ... 
Milwaukee . 
St. I.iOuis. . . 

6 

% 

0 

12§ 

4 

8 

Sand, gra\cl, broken 

stone or cinders 

Sand, gravel, broken 
buck, stone or cinders 

Cinders 

Cinders or broken stone] 
Cinders 

Omaha .... 

4 

Gravel, slag or stone. . . 


Base. 

Wearing 

Surface 

Dry 

Coating. 

Sire of Blocks 

Guarantee. 

£ 

c 

•73 

Proportions. \ 

Thickness 

Cement I Propor- 
Sand I tions 

Propor- 

tions 

Cement. 

Sand. 



JS 




ti 







>* 








3 

1:2:5 

I 

i: I 

... 

3J to 6 ft. sq. 

10 

II 

^•5 

I 

2:3 

... 


3 

7 


2 

1 : 2 

I : I 



0 

4 

T-2- 

I 

2:3 

1: 1 


■5 

4 l 

1:2:5 

i 

T : 1 

... 

5 ft. X 6 ft. 

10 



1 

I : I 

. . . 

24 to 36 sq.ft. 

.. . 


^'3 


r: I 



1 

3 

1-2:4 

T 

r : 2 

3:1 


5 


Ooloring Matter. The appearance of a walk is improved by being 
slightly colored. The following formulas aie recommended by Mr. I.. C 
Sabin :T 1 


*1899 SpeciAcations. 

'|‘i 898 Specifications. , 

}From Typical Concrete Sidewalk Specifications, by Sanford E. Thompson, in Cement^ July 
1900, p. 85. 

§Ko foundation required where the soil is clean sand. 

I {Specified for each contract. 

fSabin’s '^Cement and Concrete*’, 2nd Edition, p. 382. 



596 ^ A TREATISE Oif CONCRETE 


Colors for t : 2 Mortar. By Louis C. Sabin {see p. 595) 


MATBRIAL. 

1 

i LB. PEA 100 LB.CEMEKT. 

4 LB. PER 100 LB. CEMENT. 

COST PER 
LB. 

Lamp Black 

Light slate 

Dark blue slate 

15 cents 

Prussian. Blue 

Light green slate 

Bright blue slate 

SO 

if 

Ultra Marine Bhie 


Bright blue slate 

20 

k' 

Yellow Ochre 

Light green 

Light buff 


a 

Burnt Umber 

Light pinkish slate 

Chocolate 

TO 

u 

Venetian Red 

Slate, pink tinge 

Dull pink 


u 

Red Iron Ore 

Pinkish slate 

Light brick red 

2 i 

u 


Notf: Colors vary with quantity of matenal added. Cost is per lb. of coloring matter. 
Colorb are apt to fade unless formed by co^or of crushed rock. 


Quantity of Materials Required. The volumes of materials required 
to cover a certain area of surface arc determined by the thickness of the 
walk or floor, the prof)ortions in which the materials are mixed, and the 
character of the materials. 

The following table gives the approximate quantity of materials necessary 
for 100 square feet of surface for walks of various thicknesses of base and 
wearing surface. It is assumed in compiling the table that the coarse 
aggregate of the base contains about 45% voids, and that the stone and 


Materials jor too Square Feet of Concrete Sidewalks, {See p. 596.) 
Proportions based on a barrel unit of 3,8 cubic feel. 


BilSfj. 

Wearing Surface. 

5 ' Thickness. 

rroiX)rlions. 

Proixirtions. 

3 ‘ Thickness 
■ 

Proportions, 
r 1 

Proportions. 

Proportions. 

1:2 

t 

a 

bbi. 

1 

cu yd. 

1 

cu. yd 

i 

g 

u 

l)bl. 

1 

cu. yd. 

0 

Co 

cu. yd 

s 

bbl. 

J! 

cu. yd. 

i 

g 

u 

bbl. 

1 

cu.yd. 

. 

s 

a 

bbl. 

cu.yd. 


l.IO 

0.39 

0.78 

0.94 

0.40 

0.80 

i 

0.85 

o.r2 

0.68 

0.14 

0.56 

0.16 

3 

1-33 

0.47 

0.94 

I-I 3 

0.48 

o.g6 

i 

1.28 

0.18 

1.02 

0.21 

0.85 

0.24 

3 i 

1-55 

0*55 

1.10 

1.32 

0.56 

1.12 

I 

1.70 

0.24 

1.36 

0.29 

1*13 

0.32 

4 

1-77 

0.63 

1*25 

I- 5 I 

0.64 

1.28 


2.13 

0.30 

1.70 

0.36 

141 

0.40 

4 } 

1.99 

0.70 

1. 41 

1.70 

0.72 

1.44 

li 

2.56 

0.36 

2.04 

043 

1.69 

047 

5 

2.21 

• 0.78 

1.56 

1.89 

0.80 

t.6o 

2 

341 

0.48 

2.72 

0-57 

2.26 

0.63 


NoTE.~^elect and add together the quantities of each matoial correspondiog to the required thicknesi 
and proportions of base and wearing surface. » 
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sand are measured loose by shoveling into boxes or barrels, on the basis of 
the volume of a cement barrel of 3.8 cubic feet. For example, proportions 
1:3:6 are equivalent to i barrel Portland cement, 11.4 cu. ft. of sand and 
22.8 cu. ft. of broken stone or gravel, while proportions i: 2 are equivalent 
to I barrel of Portland cement to 7.6 cu. ft., or one bag of Portland cement 
to I. 9 cu. ft. of sand or crushed stone. The variation in volume of mortar 
produced with sand and crushed stone of different fineness may affect the 
quantities for wearing surface by at least 10%, but to provide for such 
variation, and to allow for waste, 10^ has been added, in computing the 
values, to the quantities in the table on page 231. 

Since the volumes arc given separately for the base and wearing surface, 
the quantities required for walks of other thicknesses may be readily esti- 
mated, as illustrated in the following example: 

Example: — What materials will be required for a walk 8 ft. in width 
and 150 ft.' long, the base to be 3 in. thick, of concrete in proportions 
1:3:6, and the wearing surface one inch thick, in proportions i part cement 
to I part ^ and ? 

Solution: — Referring to the table we find directly that for 100 sq. ft. 
of base 3 in. thick, 1.13 bbl. Portland cement, 0.48 cu. yd. sand, and 0.96 
cu. yd. broken stone or gravel are required. Similarly, for 100 sq. ft. of 
the wearing surface one inch thick we should require 1.70 bbl. cement and 
0.24 cu. yd. sand. For each 100 sq. ft. of comideted w'alk there would 
therefore be needed 2.83 bbl. cement, 0.72 cu. yd. sand, and 0.96 cu. yd. 
broken stone or gravel; and since there are i 200 s(p ft. in an area of 150 
by 8 ft., for both base and wearing surface we should require . 34 bbl. 
Portland cement, 9 cu. yd. sand, and 12 cu. yd. broken stone or gravel. 

TOOLS 

The following iihplements are required in ordinary concrete W’alk 
(onstruction: 

Mortar box for mixing the materials for wearing surface. 

Platform about 12 ft. square for mixing concrete* (see Fig. 7, p. 22). 

One or more iron wheelbarrows for handling the materials and thr 
concrete (see Fig. 4, p. 18). 

Square-pointed shovels (see Fig. 3, p. 18). 

Hoe. 

2-iiich scantling of a width corresponding to the thickness of the walk. 

|-inch stuff of same width as scantling, for curved forms. 

Steel square. ’ 


’I'Sonietiines unnecessary. 
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Spirit level. 

' Straight-edge long enough to extend across the walk. 

Two rammers about «; inches square, with handles about 4 feet 'ong 
(see Fig. qq, p. 281) ^ 

Wooden stakes 

Iron pins and twine for strcUhing line. 

Mason’s trowel 

Pointing trowel 

Plasterer’s steel trowel (see Fig 186, p 601). 

Plasterer’s w^ood float 

Groover (See h ig 1 87, p 601) 

Edging trowel (‘"cc Fig 188, p 602). 

Dot roller (see Fig. 189, p 602 ) 

METHOD OF LATINO SIDEWALKS 

Successful bidew’alk construction is as dependent upon careful attention 
to small details which ha\e been pro\ed essential to good workmanship, iis 
upon adherenc e to the more general directions giv cn in an} set of specifica- 
tions. The full description of methods to be employed in laying a walk 
arc given for the benefit of those who are unable to take advantage of the 
experience of specialists in this line Experienced contractois often can 
perform such work better and cheaper than it can be done by day labor. 

Thickness of Walk. \ total thickness of 4 inches of concrete and 
mortar laid upon a 10 inch foundation of porous material gives excellent 
results for ordinary sidewalks, although 5 inches is often required for 
public works. In locations subject to wide changes in temperature, as 
Boston and vicinity, a thickness of 4 inches has proved satisfactory, while 
in some cities 3 J inches only is required. For a 4 inch walk it is advisable 
to make the base 3 or 3^ inches and the wearing surface i or f inch thick. 
The slope of surface often adopted is ^ or | inches to the foot. 

Driveways or walks which are subjected to Excessive we^r may be 
5 or 6 inches thick, the upper i or inches constituting the wearing 
surface. 

Foundation. The construction of the foundation is as important as 
thi laying of the concrete. For out-of-door construction the foundation 
should generally be from 6 to 12 inches thick, depending upon the character 
of the soil. In localities unaffected by frost and having soil sufficient!} 
porous to carry off surface water, the foundation may be omitted entirely, 
and the concrete laid upon natural ground excavated to the required depths 
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In Washingtoni D. C.,* no foundation is specified, and even in Chicago* 
it is not required where the soil is clean, porous sand. For basement oi 
cellar floors which are not to be subjected to frost, the concrete may usually 
be placed directly upon the soil; but in compact ground, or where surface 
water is troublesome, blind drains of pipe or of cobble stones, carefully 
rammed, should be laid at various points. 

The materials for a foundation, where such is required, may be broken 
stone, gravel, cinders, or coarse sand. In order to make it more porous, 
broken stone or gravel should be screened. Whale\er material is em- 
ployed it must be thoroughly rammed so as to j^rcsent a firm and unyielding 
surface. Cinders or sand should be thoroughly wet when being rammed. 

Concrete Base of Walk. The coarse concrete constituting the main 
body of the walk is generally called the base. Before this coarse concrete 
of the base is placed, the surface must be carefully laid ott into squares or 
blocks. Such divisions are absolutely essential, since the joints furnish 
lines of weakness along which cracks will occur if the concrete is affected 
by the freezing of the soil beneath tree roots, unccpial settlement, or tem- 
perature changes, and also facilitates the replacing of a block if one is 
injured from any cause. 

There are three distinct methods of forming separate blocks: (a) laying 
the blocks alternately, and then filling in between them; (6) allowing the 
scantling of the ferns o remain in place until after the concrete is laid, 
and then filling the spaces they occupied with lean mortar or sand; (c) 
placing tarred paper between the blocks. The first method is usually 
preferable. 

The size of the blocks dcjiends upon the width and shape of the walk or 
floor. Blocks nearly but not quite square ha\c a bettei apj)ca ranee than 
those which are distinctly oblong. The limit of si/e for a 4-inch walk is 
generally placed at 6 feet square. In inch work this may be safely 
increased to 8 feet square. Joints «^hould be plac ccl aiound trees and about 
6 inches from buildings, manholes, or other adjacent structures. 

After ramming and le\eling the foundatitin, if there is no curb to be 
formed, strips of scantling 2 inches thick, and of a width corresponding to 
the thickness of the walk, are placed on edge along the back and front lines 
of the walk, and held in place by stakes driven behind them. These strips 
should have notches cut in them to designate the location of the dividing 
line between the blocks. Other strips, located by these notches, are placed 
across the walk, which is now-^ ready for the concrete. 

The concrete materials in the specified proportions are mixed as de 

^specifications for 1899. 
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scribed on page 20. If the surface of the road is hard and smooth, the 
mixing may be done upon it without any platform. In any case, it must 
be very thorough, some contractors employing a man to rake each shovelful 
as it is turned by the two shovelers. Enough water should be added to 
produce a jelly-like consistency, the mortar rising to the surface when 
lightly rammed. The surface of the coarse concrete must be below the 
level of the top of the forms so as to give room for the finishing coat, or 
wearing surface. 

• If the walk or floor is laid in alternate blocks by the first method (a), 
described above, the forms around each block arc left in until after the 
top coat or wearing surface has been placed, and has slightly stiffened, 
when they may be removed and the alternate blocks laid. The latter 
must be placed on the same day, however, to avoid difficulty in forming 
the surface joints between the stones. If a filler is jflaced between the 
blocks, the forms arc lifted soon after the concrete of the base is laid, and 
before the wearing surface is spread, and the joints filled with sand or, in 
some cases, by a ^Separator” of lean mortar mixed, say, i part cement to 
4 or s parts sand. Whatever the material used, it must be weaker than 
the concrete. 

Wearing Surface. As soon as a few of the blocks of concrete base have 
been laid, and before they have set, the mortar for the wearing surface must 
be placed. This surface, as described on page 594, consists of a mixture 
of cement and sand, cement and fine crushed stone, or cement and a 
mixture of sand and stone. The materials should be very exactly pro])or- 
tioned, so as to give a uniform color. The cement must not be mixed with 
the sand long in advance of its use because the natural moisture in the sand 
will cake the cement. If the work is progressing so slowly that the cement 
must be measured by pailfuls, a determination must first be made of the 
number of pails of loose cement in a bag or barrel of packed cement, and 
the number of pails of sand in a barrel of loose sand, then the relative 
volumes calculated to allow for the increase in bulk of the loose over the 
packed cement. Each pail must be filled in exactly the same way, so that 
one measure will not be more densely packed than the next. The sand 
and cement must be mixed dry until the color is absolutely uniform, when, 
if coloring matter is used, it is added to this dry. material. Water is added 
to give about the consistency employed by a mason in laying brick, so that 
it can be readily leveled off with a straight-edge. This mortar is carried 
from the mortar box to the walk in pails, and smoothed off with a straight- 
edge guided by the tops of the forms. 

The surface is roughly floated with a plasterer’s trowel, shown in Fig.. 186, 
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soon after leveling with the straight-edge, but the final floating is not 
performed until the mortar has been in place from two to five hours and 
has partially set. The final floating is done first with a wooden float and 
afterwards with a metal float or plasterer’s trowel. Just before the float- 
ing, a very thin layer of “dryer,” consisting of dry cement and sand, mixed 
in proportions i: i or even richer, is frequently spread over the surface, 
but this is generally undesirable as it tends to make a glassy walk. 

The surface is now 

ready to groove, for by 

this time the intermediate 

stones should be in place. 

As has been stated, the 

cross joints are in line 

^ . rr. , with notches in the out- 

Fig. 1 86.— riasterors Trowel, or Metal Float. .. r rr,, 

(See p. 6 oo.) forms. The mason 

can thus locate the joints 
between the blocks of base concrete. To find the line exactly, he runs his 
small pointing trowel down through the upper layer, and feels for the 
joint below. With the ends of the joints thus marked, he lays a straight- 
edge flat across the walk against these marks, and, walking across on the 
straight-edge, marks the line and also cuts through the partially set mortar 
and concrete by running his small pointing-trowel to the full length of the 
blade. Moving the straight-edge back a fraction of an incli, he runs his 
groover (sec Fig. 187) along the line cut by the trowel, using the straight- 
edge for a rule. Both edges of the walk are rounrled oiT by the edging 
trowel (see Fig. 188), whicli is a small float with one of its edges curved. 
The entire surface is finally gone 
over once more with the metal 
float to erase any marks or 
scratches which may have been 
made. A dot roller (sec Fig. 

189) or grooved rollerraaybccm- Fio. 187.-G mover. (See p.6oi.) 

ployed to relieve the smoothness. 

The exact time at which the surface should be floated depends upon the 
setting of the cement, and must be determined by the mason. Considerable 
skill is required in this troweling to prevent the formation of hair cracks by 
over-troweling, and to insure a surface which will not wear rough as a result 
of insufficient troweling. * 

If the walk is exposed to the hot sun it may be necessary to cover 
It with a wood or canvas frame, or with moist sand, for several days 


Fig. 1 87.— G mover. (See p. 6o i .) 
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Fio.i 88,~ Edging Trowel. {See p, 6 o i .) 


atter its completion, as it is absolutely necessary that it shall not dry 
out too quickly 

Bflect of Frost upon New Qoncrete Sidewsdks. If concrete sidewalks 
.are exposed to frost before thoroughly hard and dry, the surface is likely to 
blister and scale off in patches about inch thick. It is best, therefore, 
to avoid sidewalk construction in freezing weather. 

' Ooncrete Gurbing. Concrete curbing for artificial sidewalks is largely 

displacing stone curbing. The curb 
is built just in advance of .the walk. 
It is divided into blocks and is sep- 
arated from the walk by joints similar 
to the joints between the blocks. The 
soil is excavated, and a foundation 
of porous materials of the same thick- 
ness as that employed under the walk 
proper is placed and rammed. In Boston* a layer of ordinary concrete 
12 inches wide and 8 inches deep is placed u})on this foundation to underlie 
the curb. The curb proper is 12 inches deep and 8 inches wide at the 
bottom, tapering on the outside to a width of 7 inches at the top, with its 
inside face vertical. At least one inch of the face and of the surface con- 
sists of fhortar or granolithic, like the 
wearing surface of the walk. A typical 
sidewalk and curb is shown in Fig. 190. 

The back of the curb is formed agal)ist a 
temporary plank. For the face mold, a 
12-inch planed plank is set on edge to 
the i)ro[)er batter and may be held in 
place by driving .stakes about 4 inches 
out from it, and nailing strips from the 
top of these stakes to ihe top edge of the 
plank, so that they can be knocked up 

and the plank loosened without disturb- 
ing the face of the curb. When ready 
to place the 'concrete for the curb, which 
should be laid before the layer of con- 
crete underlying it has set, a i-inch board is placed on edge just inside 
of the j^inch plank, with occasional thin strips or wedges between^ 
it an^l^felank. The coarse concrete of the curb is then placed back 
and thoroughly rammed so that its surface *18 one inch 

■ ♦Specificatiorfs for 1899. 





Fic,. 189.— Dot Roller. 
(See p. 601.) 
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below the top of the forms, and when sufficiently hard, the x-indi board 
is diawn up from the face, and with the aid of a trowel its place is filled 
with weanng surface material. The outside form is generally allowed to 
remain over night, and m the morning the outside surface is floated. A ^ 
ruled joint like thatHjetween the blocks is formed between the curb and 
the remainder of the walk 

A metal corner is sometimes laid in ^ the expo:»ed edge of the curb to 
protect it Irom wear 

Oombined Curb and Ontter. One of the advantages of a concrete walk 
lies m the ease with which it is adapted to special construction A gutter 
5 or 6 inches thick, with a pitch corresponding to the crown of the street, 

IS often laid m combmation with the curb. It is underlaid with a porous 
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foundation, and m some i ases by a sub soil tile drain The blocks forming 
the combined gutter and curb are made about 6 feet in length, and are m 
alternate sections so as to form definite cross joiilts, but each section of 
the curb and gutter must be built together, with no longitudinal joint 
between them 

Vault Light Oonstnictioii. Sidewalk lights over basement areas or 
subways are formed of arcular lights of plate glass, set m reinforced con- 
crete slabs, supported by steel or reinforced concrete beams Steel rods 
about A inch diameter are interlaced in both directions between all of 
the rows of glass disc s The width of the slab between beams is governed 
by the thickness of the slab, a customary width being 3 to 4 feet The 
dimensions of the beams and girders, whethef of steel or reinforced concrete, 
depend upon their loading and span (See table, p. 508.) A typical vault 
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light construction supported by steel girders and stiffened by concrete riba 
as designed by Mr. Ross F. Tucker, is illustrated in Fig. 191, 

If concrete beams or stiffeners are used, they must be laid at the same 
time ks the slabs are placed, so as to be in the same piece with them, but 
contraction joints must be provided as shown. In laying the slabs, the 
position gf the glass discs may be located by an iron plate with holes of the 
size of the glass discs. On top of this iron form, a layer of oiled paper is 
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^Fig. 191.-— Typical Vault Light Construction. {See ^.602.) 

spread^ to prevent the cement sticking 10 it, the lenses are set upon the 
paper over the holes, the reinforcing rods placed, and the mortar poured 
around the glass, and its surface troweled after partially setting, same as 
the surface of a granolithic walk. After the mortar has become thoroughly 
hard, the metal plate and the paper may be removed. 

COST AND TIME OF SIDEWALK CONSTRUCTION 

The cost of concrete sidewalk or basement floor constructiomis extremely 
variable. The job at any one location is likely to be small, not occupying 
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more than a few days, so that the time and expense of transporting men 
and materials, and the time getting started upon the work, constitute an 
important item. The skill of the men employed in placing and finishing 
the concretei affects the cost still more, since an experienced gang ma> 
easily lay three times as much surface of walk in a day as inexperienced 
men, even if the latter are accustomed to ordinary concrete work. Exca- 
vation is another variable item, depending upon the quantity of earth to be 
femoved and the character of the material. * 

A gang of convenient size consists of — 

One mason. 

One man to assist the mason in placing forms, and to level and ram the 

concrete. 

Three men mixing and placing coarse concrete for base. 

One man mixing top dressing for wearing surface. 

If excavation is included in the work, more laborers may be needed. 
The amount of walk covered by a gang is limited by the surface which can 
be floated and trovreled by the mason. Unless he works overtime, the 
laying of concrete must stop about the middle of the afternoon in order 
that the wearing surface may have opportunity to set. Meanwhile, the 
concrete gang may prepare and ram the foundation and get everything in 
readiness to begin concreting promptly the next morning. With a gang of 
the size suggested a foreman adds considerable to the expense, and it is 
often advantageous to so arrange the work as to make the mason rcsi)onsible 
for its quantity and quality. A bonus paid for an excess over a certain 
area of surface covered is an effective incentive for a good day’s work. In 
order to properly fix such a bonus the employer must know the relative 
times required for plain sidewalk and curb. The size of the blocks must 
•also be considered, since the labor upon the joints forms a prominent 
division of the work. 

Under average conditions a mason skilled in this class of work should 
float and trowel a surface of 600 to 700 square feet in eight hours, if no 
allowance is made for time which is necessarily lost between jobs and in 
conimencing work. This lost time will lower the average by an amount 
varying with the size of the job. If the excavation is ready, five men work- 
ing with the mason should prepare the foundation and place the base 
concrete and the mortar for the wearing surface for a walk 4 to 4J inches 
thick. For a thicker walk, one more man may be required in the gang to 
keep up with the mason, since a thick walk requires more concrete or 
mortar. 

The contract price for a granolithic or artificial walk from 4 to 5 inches 
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in thickness, with Portland cement at about $2 00 per barrel, varies from 
$0.22 to $0,30 per square foot. The cost of curbing runs about $0.75 to 
$1.00 per linear foot without a metal strip, and 25 to 50 cents higher 
with it. 

DRZVEWATS 

For driveways the concrete is laid similarly to that in sidewalk construe- . 
tion. The total thickness may be 5 inches for light travel, or 6 to 7 inches 
for heavy teaming. Grooving the surface in 6-in( h squares affords foothold 
for the horses. 


CONCRETE STREET PAVEMENTS 

Concrete yiavements in alley ways, (onstiiuted hkt sidewalks except 
marked off into small blocks, have lieen in successful use in Boston and else 
where, since 1894. In 1896 a street ])dvement built in Richmond, Ind , by 
Mr. H. L. Weber, proved so successful that many other ( one rete pavements 
have been laid there, and the use has 1 x?en extended to other cities Re 
suits have been satisfactory where traffic is not too heav>, and where the 
very best of materials and workmanship have lieen emyiloyed 

The construction of concrete street pavements is similar to sidewalk 
construction but even greater care must be used to bo sure that it is mono 
lithic from top to bottom so that there can l>e no sejiaration of layers Un 
less the soil is very porous so as to dram off the water and at the same time 
form a non-compressible foundation, a porous mateiial like broken stone 
or screened gravel thoroughly comjiacted and rolled ^hould \)c laid for a 
depth of about 5 to 6 inches Sometimes a 6-in( h concrete foundation is also 
advisable. After laying the foundation a concrete b.ise 4 inc hes to 6 inches 
thick is laid in proportions of about i 2J • 5 and the wearing surfaciD must 
be placed at the same time or immediately following it so as to make one 
solid layer. The construction of the wearing surface is the most critical 
part of the work, for upon it dejjends the durability of the pavement The 
best aggregate is crushed granite or trap ox a mixture of this and sand , It 
must be free from dust and a considerable proportion of it should be as large 
as J in in size Instead of using i or i 2 mortar, it is still better to 
form a true concrete, using proportions of about one jiart cement to one and 
one half parts sand to two parts of crushed screenings. This is laid wet 
and may be troweled and divided into small blcKks, or may be given a rough 
finish tQ afford a good foothold for horses Expansion joints should be 
made along the curbs and across the street about every 30 feet apart. 
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■ , CHAPTER XXIV 

CONCRETE BUILDING CONSTRUCTION 

! 

The rapid development of the use of concrete both in the United States 
and Europe is the best evidence of its adaptability for a building material. 
This is exemplified in numerous structures which, not only from an en- 
gineering standpoint but architecturally as well, are models of the builder’s 
art. 

In work above ground, concrete is most extensively employed in the 
building of floors and roofs. Its especial availability for this class of con- 
struction has been made possible by the introduction of numerous systems 
of metal reinforcement, the application of which has resulted in the reduc- 
tion of the thickness and brittleness of the slabs. 

The fire-resisting qualities of Portland cement concrete when composed 
of first-class materials, such as sand, and gravel, hard broken stone, or 
cinders, appear both from experimental and actual fire tests to be equal or 
superior to those by any other material. (See Chapter XVIll, p. 327.) 
Moreover, its Sjtrenglh and permanence, when it is carefully laid and prop- 
erly reinforced, are unquestioned, and by employing a wet mixture the 
mortar in the concrete surrounds and effectually prevents the corrosion of 
the metal with which it is reinforced. 

Its fire-resisting quality has led to the adoption of reinforced concrete 
for stairways, for columns and girders, and finally for entire buildings. 
The growing confidence in its utility for office buildings seems to promi.se 
for it successful competition with steel fireproof construction and a wide use 
in this class of structures. The cost of the reinforced concrete for an 
office building built of this material in 1904, based on actual construction 
records, with cement at $2.00 per barrel delivered on the work, was about 
20% less than the estimated cost of the steel and tile of ordinary fireproof 
construction. As the concrete portion constituted about one-fifth of the 
total cost of the building, the net saving is reduced to about 4%, a very 
considerable sum, however, when figured on a fifteen-story office building. 
There is also an additional saving in other materials due to the reduction 
in height of the building because of the thin concrete floors, and to the 
fewer coats of plaster, with omission of furring, on walls and ceilings. 

The Ingalls Building, designed by the Ferro-Concrete Construction 
Company and erected in Cincinnati, O., in 1903, was the first notable 
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example of a concrete office building in the United States. Sixteen stories 
high, it is entirely of concrete, with the exception of the facing of the exte- 
rior walls. 

For factory building reinforced concrete is gradually superseding “slow- 
burning” mill construction with its brick walls and timber beams and col- 
umns. In certaii; cases the concrete has been found actually cheaper than 
the wood,^thrce 6 story factory buildings in Cambridge, Mass., for example, 
being erected in 1908 at a lower cost than competitive estimates for wood 
and brick construction. Even if the cost for reinforced concrete runs from 
8% to higher than the estimate for brick walls, timber columns and 
girders, and plank floors since the concrete portion is only about one-half 
the total contract, the increased cost of the entire building is only 4% to 
5%. The concrete building has greater durability and is fireproof, thus 
reducing running expenses and affording lower insurance rates. 

For dwellings and other small buildings the cost of the forms alone may 
exceed that of the materials and labor on the concrete. In estimating the 
labor, allowance must be made for the time which is often necessarily lost 
in waiting for the cement to harden or the forms to be removed, f'or these 
reasons it may be more economical to work with a small gang, taking an 
entire day to lay the concrete to the height of one section of forms. 

For the cellar and foundation walls of frame or brick houses (see p. 619), 
concrete is usually cheaper than rubble masonry. 

A method of construction of light curtain or division walls consists in 
plastering Portland cement mortar u]X)n metal lathing. A 2-inch wall thus 
made forms a permanent and fire-resisting partition. (See p. 627.) 

Molded blocks of mortar or concrete (see p. 629), or concrete tile (see 
p. 629), are adapted to certain classes of structures. Under favorable con- 
ditions the cost may be less than that of a brick wall of equivalent thickness. 

CONCRETE FLOORS 

Concrete floor slabs are supported by steel or sometimes by timber gir- 
ders, or are formed in combination with reinforced concrete girders. The 
metal reinforcement which is universally adopted for the slab not only 
reduces the thickness and weight of the floor, hut prevents sudden failure, 
an extremely important consideration in this class of structures. 

Concrete floor panels between steel girders must compete chiefly with 
porous tiling and brick arches. The relative cost of these three materials, 
^ll^hile dependent upon the location of the work and market prices, is usually, 
ill things considered, in favor of concrete. The encasing of the steel 
I-beams with fine concrete or mortar affords fire protection to the girders 
and, if desired, a continuous surface for plastering. 
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Design of Ooncrete Floors. The design of a complete floor system with- 
reinforced concrete beams, girders and slabs is illustrated in the example, 
pages 468 to 474. The details of the design arc also treated in Chapter 
XXI and the tables in the same chapter, pages 507 to 526, give means to 
determine very quickly the dimensions and reinforcement for different spans 
and loadings. Reinforced floors are strongest when made continuous over 
several bays provided they are profx^rly reinforced at the top over the sup- 
ports as well as in the bottom at the center. It is essential that the beam 
and slab shall be laid at the same operation. Slabs laid between steel I- 
i>eams, as in Fig. 193, page 616, are not so strong as when built in with 
reinforced concrete beams. 

The arrangement of the floor beams and girders in a building of rein- 
forced concrete depends upon so many considerations that special study 
is required in each case. 

The smallest quantity of material is required with floor panels of short 
span and frequent floor beams to support them. Ifowever, very thin slabs 
and beams of concrete are not easy to construct properly, and there is 
difficulty in imbedding the metal, so that we may, in general, limit the 
tl ickness of both to not less than 3 inches. For the slabs this minimum 
should be raised where a floor is liable to sudden strains, such as the falling 
of a load, which tend to punch a hole through the floor. For beams a 
more practical minimum width is usually 5 or 6 inches, since the cost of 
the form, which is but slightly more for a large than for a small beam, is 
a considerable item, and a deep, thin beam is in danger of buckling and 
requires frequent cross beams or stiffeners. 

The spacing of the beams may, therefore, be governed in some cases by 
the required thickness of the floor slabs and in others by their own eco- 
nomical construction. Similar considerations, applied to column and foun- 
dation construction, govern the design of the princij^al girders. 

The Ingalls Building* presents an example of .slabs of long span .sup- 
ported by hea\7 girders, and the factory of the Pacific Coast Borax Com- 
pany! an example of thin floor slabs with frequent deep but narrow concrete 
beams. 

In simple cases the dimensions and reinforcements of concrete floor gir- 
ders may be obtained directly from the tables, pp. 509-511. More difficult 
problems require mathematical calculation as treated in Chapter XXL 
Not only must the size of the tension rods in the bottom of the beam be 
considered, but also the size and location of the U-bars, the reinforcement 

’ 1 ‘See page 6ii. 

fSee page 621, also Engineering Record^ July 30, 1898. 
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in the top of the beam, if required, and^the proper connection with the col- 
umns, The girder illustrated in Fig. 192, page 613, is a typical design 
for a concrete beam supporting a heavy load, although the dimensions and 
reinforcement apply, of ( ourse, to a partic ular piece of construction.* 

There arc several methods of laying' floors supported by steel girders, 
one of the most common of whiqh is illustrated in Fig. 193, page6i6. The 
haunches of the slab are carried down to the lower flange of the I-beam, 
the under surface of which may be covered with metal lathing for fire 
protection and plastering. The I-beam may be entirely enclosed in the 
concrete, but it is difficult to place the material under the lower flange. 
Where head room is very valuable, the top of the slab is laid flush with thd 
top of the beams and the metal is placed between the beams instead of 
running over them In either case the outline of the concrete may form 
the ceiling, the plastering being placed directly upon it so as to form panels, 
or the ceiling may be suspended from the I-beam'> on metal lathing. 

Floors are sometimes laid as continuous slabs, imbedding simply the 
upper flange of the I-beams in the concrete. The forms are cheaper to 
construct, but the strength is less than with the haunches, and the web of 
the I beam is not protected from fire. For ceilings, separate slabs may be 
, formed resting upon the lower flanges of the I-beams Still another type 
of floor consists of concrete arches sprung between the lower flanges of the 
I-beams, just as brick arches are formed, and filled to the floor level with 
cinder*^. They do not necessarily require reinforcement. 

The metal reinforcement in a floor slab should be as near to the under 
surface as is consistent with durability and fire resistance. For a strictly 
fireproof building it is safest to allow at least an inch of concrete below the 
metal, but under ordinary conditions this may be reduced to f inch or 
J inch, provided the concrete is mi^ed wet and carefully placed around 
and under it. If plain rods are used, they must be prevented from slipping 
by selecting very long lengths or by anchoring the ends, or both If the 
ends are bent for this purpose, there must be a considerable thickness of 
concrete beyond the bend to prevent the tendency under load to straighten 
out and thrust through the concrete. 

Safe Floor Loads. The following loading for floors, suggested for the 
Boston building laws by a committee of the Boston Society of Civil Engi- 
neers in 1904, represents first-class modern practice: 

All new or renewed floors shall be so constructed as to carry safely the 
weight to which the proposed use of the building will subject them, and 
every permit granted shall state for what purpose the building is designed 

♦See al$0 suggested, page 453. 
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to be used; but the least capacity per superficial square foot, exclusive of 
materiab, shall be: 

For floors of dwellings and for apartment floors of apartment and public 
hotels, fifty pounds. 

For oflSice floors and for public rooms of apartment and public hotels, 
one hundred pounds. 

For floors of retail stores and public buildings, except schoolhouses, 
one hundred and twenty-five pounds. 

For floors of schoolhouses, other than floors of assembly rooms, eighty 
pounds, and for floors of assembly rooms, one hundred and twenty-five 
pounds. 

For floors of drill rooms, dance halls and riding schools, two hundred 
pounds. 

For floors of warehouses and mercantile buildings, at least two hundred 
and fifty pounds. 

The loads for floors not included in this classification shall be deter- 
mined by the Commissioner, subject to appeal, as provided by law. 

The full floor load specified in this section shall be included in propor- 
tioning all parts of buildings designed for dwellings, hotels, schoolhpuses, 
warehouses, or for htfavy mercantile and manufacturing purposes. In 
other buildings, however, certain reduotions may be allowed, as follows: 
In girders carrying more than loo square feet of floor, the live load may be 
reduced by lo per cent. In columns, piers, walls, and other parts carrying 
t\vO floors, a reduction of 15 per cent of the total live load may be made; 
where three floors are carried, the total live load may be reduced by 20 
per cent; four floors, 25 per cent; five floors, 30 per cent; six floors, 35 per 
cent; seven floors, 40 per cent; eight floors, 45 per cent; nine or tnore 
floors, 50 per cent. 

Weight of Concrete in Floors and Girders. The following table is 
based on an average weight of broken stone or gravel concrete of 150 lb. 
per cubic foot, and of cinder concrete of 112 lb. per cubic foot, to each Of 
which has been added the weight of 4 lb. per cubic foot to provide for 
maximum weight of about 1% of reinforcing steel 

The weight of stone concrete varies not only with the proportions of the 
mixture (see p. 361) but also with the specific gra\ity of the aggregate, and 
for particular cases, the weights on page 3, which are based on tests made 
at the Watertown Arsenal and Washington University and checks by 
calculation from the specific gravity of different materials, may be used 
instead of the table. The table, however, is sufiiciently exact for ordinary 
practical purposes. 

Floors in the Ingalls Building. In the Ingalls Btiilding at Cincinnati, 
Ohio, whose floors above the second floor were designed for a live loading 
of 60 pounds per square foot, the principal panels, which are about 16 feet 
square, are 5 inches in thickness, and reinforced with }-inch rods. Smaller 
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panels of 3 to 6 feet in length are about 3 inches thick with J-inch bars. 
The spacing of the rods varies with the length of the span. Where the 
panels are approximately square, the tension rods run in two directions, 
and where the panek are long and narrow, the tension rods run across the 
panel, with J-in.ch rods about 3 feet apart running lengthwise of the panel, 
to prevent contraction cracks. The principal girders are 32 feet long 
between centers of columns, and 27 inches in depth (measured to surface 
of concrete floor), and of width varying from 20 inches at the’ lower floors 
to 16 inches at the upper floors. Cross girders about 16 feet in length and 
18 inches deep, of widths varying from 12 to 9 inches, are placed in the 
center of the span of the main girder, thus dividing the floor into slabs 


Weight of Reinforced Concrete in Slabs and Beams, {See p,(ni,) 


Weight of Reinforced Slabs per Square Foot. 

Weight of Reinforced Beam one inch 
wide f)cr foot of length. 

'Phicknevi 

in 

Slone Concrete 
lb. 

Cinder Concrete 
lb. 

Depth of Beam 
in. 

Slone Concrete* 
lb. 

2 

26 

19 

6 

6.4 

2i 

32 

24 

7 

7-5 

3 

38 

29 

8 

8.6 

3 i 

45 

34 

9 

9.6 

4 

51 

39 

TO 

10.7 

4 i 

58 

43 

i 12 

12.8 

5 , 

64 

48 

! 14 

15.0 

5 i 

70 

53 

16 

17.1 

6 

77 

58 

18 

19.2 

7 

90 

68 

20 

21.4 

8 

103 

77 

25 

26.8 

9 

115 

87 

30 

32.1 

TO 

128 

97 

35 

37-4 


* Multiply by the leuRth of beam in feet timcb its width in inches. 


about 16 feet square. Fig. 192, page 613, is an isometric view showing the 
dimensions and reinforcement of the floor, main girder, cross girder, wall 
column, and wall in the fourth and fifth floors. The total distributed 
loading on the main girder is about 15 tons live load in addition to the 
weight of the reinforced concrete. 

Materials for Floors. A first-class Portland cement which will meet 
the standard specifications given on page 29 must be selected. The 
rules fdr the selection of the aggregate are the same as for other classes of 
concrete. The size of the coarsest aggregate is often limited to one inch, 
but if well graded, so that the larger particles will not collect and prevent 
the' flow of the mortar around the steel, the limit of size for beams, say, 
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FIG. 192 TYPICAL REINFORCING IN BUILDING 
CONSTRUCTION 

(See p. 612) 
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S inches in width and floors not less than 4 inches thick may be as high 
as 1 finches. 

Cinders for concrete should contain but little unburned coal and be free 
from soot. A clean cinder will not discolor the palm when held in it and 
rubbed with, the fingers. Usually a better mixture can be obtained by 
screening the fine stuff from the cinders, and then, if gritty, mixing it with 
sand, than by Using unscreened material, although if the fine stuff is found 
by tests to-be uniformly distributed through the mass, it may be used with- 
out screening and a smaller proportion of sand added. 

Usual proportions for floor concrete are i:2j:5, that is, one barrel 
packed Portland cement, 9.5 cu. ft. sand, and 19.0 cu. ft. of screened stone 
or screened cinders. If the thickness of the floor is such as to ])r()vi(le a 
wide margin of safety, the ])r()|)ortions may be 1:3:6 (based on a ])arrcl of 
3.8 cu. ft.), while for extra strong work i: 2:4 may be specified. For 
beams and girders i: 2:4 and i: 2J: 5 are common proportions. Cinder 
concrete should not be used for girders, but under certain conditions may 
be employed for floor slabs. While it is lighter in weight, generally cheaper, 
and equal in fireproof qualities to first-class stone concrete (.see p. 329), it 
is not so strong. Hence, for the same loading a greater thickness is rc- 
quiied, and it is not usually economical even for floor .slabs except the span 
and the loading are so small that the thickness of the floor is governed, not 
by rcc[uircd strength, but simply bv the j^ractical conditions of laying which 
limit it to a thickness of not less than 3 inches. In carefully designed 
reinforced buildings stone concrete is generally pn'ferred. 

The quantity of cement, sand, and stone or cinders required for any 
structure may be calculated from the table on page 231, or, for slabs, taken 
directly from the table on jxige 596. 

Laying Floors. The general directions for mixing and placing concrete, 
given in Chapter II, p. 20, and (Chapters XI and XV, arc applicable 
to building construction. 

The concrete must be mixed wetter than in .sidewalk or basement floor 
construction, as described in the preceding chai)ter, so. that the mortar 
may flow around the metal and thoroughly coat and protect it from rust 
and fire. The criterion of wetness may be that 'unless handled quickly it 
will flow off the .shovel. 

If the concrete floor is to provide a wearing surface, a granolithic fini.sh 
may be given to it by laying a mortar wearing surface before the lower 
portion has set, as described for sidewalks in the preceding chapter, or the 
concrete may be troweled without the coating of mortar. The latter plan 
is amply suflScient for floors which are not subjected to excessive wear. 
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For a board floor, nailing stripis arc laid upon the concrete, or imbedded' 
in it at right angles to the supporting beams. With cinder concrete the 
plan is sometimes followed of nailing the floor boards directl)r into the con- 
crete. The objection to this is that the surface of the concrete must be 
leveled with great care, and h is diflicult to relay the boards if a new floor is 
required because the concrete becomes so hard with age. 

The cost of the labor of laying a concrete floor is dependent upon the 
character of the building. In a case under the observation of the authors 
where the floors consisted of cinder concrete resting upon steel I-beams, 
a gang of nine ]a])orcrs, with a foreman (in addition to the engineman, who 
rxn the elevator,) mixed concrete in the basement to supply a gang of 
eleven men, with foreman, who, on one of the upper floors, were placing 



metal, wheeling concrete, leveling it, ami cleaning forms. Six carpenters, 
with foremen, were employed building the h)rms, which were supported 
from the girders, in advance of the concrcters. This gang averaged 22 to 
25 batches (corresponding to 17 to 19 cu. yd.) of i .2 : 5J cinder concrete in 
nine hours. 

Floor Forms. In a large building the floor panels should if possible be 
so designed that the same forms may be used more than once, although 
they must not be removed until the concrete has attained suflicient strength ^ 
to siwtain its own weight and any loading which wall come upon it. 

Ij^the floor slabs ai;e su]>portcd by steel I-beams, the forms may be 
attached to the lower flanges, as showm in Fig. 193 a design of Mr. Wit- 
F. Kearns. The steel, however, must be l3ent up further frdm* the, .; 
support than is shown in the drawing and carried nearer to the top of 
ciiab to orevent cracking near the I-beam, . > 
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If the girders arc also of concrete, the supports for the form must be heavy 
enough to carry the weight of the beam of concrete, lis well as the floor Slab 
and the men and materials upon it. The forms must be so tight as to 
prevent the .water and thin mortar running away from the concrete and 
carrying off the cement. This may' best be accomplished by tongued-* 
and-grooved or bevehedged boards, but it is often possible to use square- 
edged lumber if it is thoroughly wet to swell it before placing the concrete.; 

Joints in the beam forms may be 
covered with cleats. 

A simple form of clamp for 
beam or small column forms, 
used originally in Kurop)e, is shown 
in Fig. 104. The hook, A, is a 
])lain piece of flat iron \ inch by 
1 J inches, with one end bent and 
curved as shown. The dog, J 5 , 
is a square piece of iron, with the 
end slightly turned and a hole 
slightly larger than the flat iron, 
Aj punched through it. This is tightened by hammering on its lower end. 
The outward pressure of the form boards u])on its up])erend causes it to 
bind, and j)rcvents it from sli])ping back. If it fails to hold, in any case, 
a wooden wedge is readily driven in to assist in lightening. 

CONCRETE STAIRS 

The design of concrete stairs is a simple problem in reinforced concrete 
construction. A stairway may consist (i) of an inclined slab of reinforced 
concrete with the steps molded upon its upper surface, or (2) of two or, for 
a wdde stairway, three inclined girders to form the stringers, with the stairs 
between them. The first method is suitable for short flights not over 8 
‘ or 10 feet in length measured on the slope, and the thickness and reinforce- 
ment are calculated as for a slab supported at the ends. (See pp. 512 to 
515.) The principal reinforcement is of course in the direction of the 
length with occasional cross metal for stiffening. A slab 5 inches thick 
measured at the foot of the risers is suitable for a stairway half a story high. 

When built with side girders, the dimensions of each of the latter may 
be calculated as a concrete beam with a longitudinal rod near the lower 
surface. A small rod also runs across from girder to girder at the foot of 
each riser so that the risers are practically reinforced beams. It is usually 
cheaper to construct the under side of the stairs as a slab than to build 
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forms for each stair. The forms for the stringers may consist of planks 
notched for treads and risers, with boards nailed across as molds for the 
faces. If a fine finish is desired, the method of surfacing described for 
curbing may be followed. (See p. 602.) 

GONORETE ROOFS 

Concrete roofs are designed and laid in much the same manner as are 
floors. I’he forms also are similarly constructed. As the weight of the 
roof itself forms a large proportion of the total load upon the girders, cinder 
concrete, because oi its light weight, is especially ada})ted to this class of 
construction. The strength of the concrete may also play a smaller part in 
roofs than in floc'rs, because the length of span may l)c governed by otlier 
conditions, and the concrete may often be laid as thin as is practicable to 
lay it and properly imbed the metal. 

The wetness of the concrete is limited by the slope of the roof, although 
for a steep slope it may be necessary to confine the surface of the concrete 
by forms. 

The proper thicknesses and reinforcement for different spans may be 
obtained from tables on page 51 2 or 515, selecting the weights from the data 
in the paragraphs which follow. 

Roof Loads. A roof load is made up of the weights of the roof itself, 
the roof covering, the snow load, and the wind load. 

The weight of the concrete may be obtained from the tables mentioned. 
Prof. Mansfield Merriman* gives the following estimates for the weight 
of roof covering: 

Tin, [ lb. per square foot of roof surface. 

Iron, I to 3 lb. j^er square foot of roof surface. 

Slate, 10 lb, per square foot of roof surface. 

Tiles, 1 2 to 25 lb. per square foot of roof surface. 

Average may be taken at 1 2 lb. per square foot. 

The snow load varies with the slope of the roof and the locality. Prof. 
Merriman allows for an approximate average 15 lb. per square foot of 
horizontal area. 

The wind load, which acts horizontally, varies with the velocity of the 
wind, a usual pressure being assumed as 40 lb. per square foot of vertical 
surface. This pressure multiplied by the sine of the angle of slope of the 
roof gives the pressure normal to the surface. 

In practice it is common to specify a nunimum value for the roof load to 

* Merriman’f “Roofs and Bridges,” p. 4. 
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include the weight of the roof covering, snow, wind and any moving loads 
which may come upon it. A usual value for this total is 30 pounds per 
square foot. 

It is seldom advisable to build concrete roofs without an external cover- 
ing, such as tar and gravel." Howtver, small surfaces laid by expert work- 
men at one operation to avoid joints and designed with special reinforce- 
ment have given satisfaction. 

Concrete is adapted to loofs of special design. One form is the dome, 
which is discussed and illustrated on page 626. 

CONCRETE WALLS 

If Portland cement concrete could be laid in thin walls as cheaply as in 
mass work it would be one of the most inexpensive materials for permanent 
construction. As a matter of fact, an experienced contractor can build a 
6-inch wall of concrete which will be stronger, more durable, and no more 
expensive than a 12-inch \vall of brick. 

The chief cost in concrete wall construction is in the labor of building 
and raising the forms and of hoisting the concrete. The former varies 
with the method of construction and the number of angles in the wall. In 
the case of a large structure the concrete may be hoisted in elevator buckets* 
by power. If the building is small and the concrete is hauled u]> by hand 
in buckets to a height of, say, 15 feet, at least twice as many men will be 
required to fill pails, haul up, and carry to place as are needed for measur- 
ing and mixing the concrete on the platform below. 

Methods of surfacing concrete walls arc flescribcd on i)age 288. Plaster- 
ing is unsatisfactory. 

Cellar Walls. Cellar or basement walls a(lai)ted to withstand earth pres- 
sure may be thinner when of com rete than when built of stone, because 
laid as a continuous vertical slab supported at top and bottom. 

For a wall of i : 2J : 5 Portland cement concrete with a spreading Ixisc 
imbedded in the earth, a thickness of 10 inches will withstand without 
reinforcing metal a pressure of 6 feet of earth. If the top of the wall is 
strengthened by a wooden sill imbedded in or dogged to the concrete, and 
the sill is stiffened by floor joists, the wall becomes a slab supported at its 
bottom by the earth and at its top by the sill. A 6-inch wall 8 feet high 
will thus withstand the pressure against it of 6 feet of earth. However, 
J-inch rods, spaced about 2 feet apart in both directions, will greatly 
stiffen sp thin a wall, and prevent cracks before the concrete is thoroughly 
hard. If desired, a coping of concrete wider than the wall itself may be 
formed at the top and a J-inch rod placed horizontally in its inner face. 

^Method used tt the Ingalls Building is illustrated in Engineering Newi, July 30, 1903> p. 
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The earth must not be filled in against the back of the wall until three tA 
four weeks after placing, unless portions of the interior forms are left in 
place and carefully braced. 

Designs for reinforced concrete retaining walls are illustrated on page 666. 

A simple form for a cellar or foundation wall is illustrated in Fig. 195 
A ranger, A A, is lined, and lightly spiked to occasional studs whose pointed*’ 
ends are driven into the ground, and kept in line by strips of wood, running 
from .it to stakes in the bank. In some cases it may be advisable also to 
set a lower ranger between the studs and the bank. Occasional stakes, 
BB, arc driven in the ground, and a ranger, CC, for the inside row of studs, 



is laid on top of them, lined, and lightly spiked to them, w'hile the uppei 
ends of these studs arc held by cleats, DD, run across to the inner row of 
stud?. Vertical strips, EEj about J inch square, are placed inside qf each 
stud for the form planks to rest against, and after a section of concrete 
is laid are easily knocked out, and the form planks raised to another 
level. The first layer of concrete is allowed to flow out under the lower 
^^^plank to form a footing, above which the cellar floor is laid. The number 
of the laborers and the height of the forms should be such that the planks 
may be raised each morning, provided the concrete is hard enough to 
withstand the pressure of the thumb without indenting. . 
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VsUs for Sufldings. Concrete wall^ are either q{ single thickness, or 
double with.an air space between. The double wall has greater stability, 
and the air space renders the, interior of the building less subject to changes 
in temperature, and more completely moisture-proof* Moisture is likely 
to collect on the inside of a single wall. 

A single concrete wall 4 inches thick with its base spread to provide 
a footing is at least equivalent to an 8-inch brick wall, and a 6-inch con- 
crete is at least equivalent to 12 inches of brick. It is advisable to place 
small reinforcing rods, about J inch in diameter, 12 inches to 2 feet ai)art 
in walls 6 inches thick or under, not only to increase their permanent 
strength, but to guard against accidents during or immediately after 
' construction. Occasional projections or pilasters improve the appearance 
and add to the strength of a single wall. 

Each face of a hollow wall is usually 3 to 4 inches thick, 3 or 3jr inches 
being the minimum thickness at which concrete can conveniently be 
placed. 

The four-story factory building of the Pacific Coast Borax Company at 
Bayonne, N. J., designed by ]Mr. E. L. Ransome, is an excellent example 
of hollow wall construclion. The thickness of both faces of the walls is 
3J ii.ches. The walls of tlic first story arc t 6 inches from surface to sur- 
face, that is, the space between is 9 inches, wliile the walls of the upper 
stories are made thinner by reducing the width of the hollow space. The 
general construction of a hollow wall is illustrated in Fig. 197, page 623. 

The walls of the Ingalls Building consis t of concrete 8 inches in thick- 
ness, faced with brick or marijlc. They are supported by reinforced 
columns spaced about 16 feet on centers, and the portions of the wall at 
the floor lines, that is, between the lop of the window of one story and the 
window-sill of the story above, are, in reality, concrete beams reinforced 
by two J-incli bars placed 2 inches above the lop of each tier of windows, 
with J-inch horizontal l^ars 2 feet apart over the remainder of the wall. 
In addition to the column reinforcement vertical bars are placed 2 inches 
from each window opening. ' 

The marble facing is supported at each floor line by triangular projec- 
tions in the concrete, and the brickwork in the stories above by square 
projections 3} inches wide. The marble is also held at each horizontal 
joint by anchor bolts imbedded in the concrete, and the brickwork by tics 
of round, straight rods about 8 or 9 inches long and J inch in diameter, 
placed through small holes in the outer forms before concreting so as to 
extend ^ inches into the concrete. 

Wall Forms. A simple form for a cellar wall is illustrated and described 
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on page 620. A form for a wall of single thickness is illustrated in Fig. 196 
The concrete is first laid to the full height of the ribs, then the bolts are 
loosened, the ribs raised one-half their length, so that one-half of each still 
laps over the concrete to keep the wall true and straight, and the forms are 
again filled with concrete to the to]). Two bolts to each pair of ribs are 
all that are required after the concreting is commenced. These are re- 
moved before the wall is hard, so that they need be simply greased and 
the holes filled solid full with mortar mixed in the same proportions as tne 



mortar in the concrete. The collar and set screw shown in detail is con- 
venient where the walls or columns are of various dimensions, although 
usually an ordinary threaded bolt with nut and washer may be used. 

A design for a form for a hollow wall is shown in Fig. 197. The ribs 
and bolts are so arranged that the latter do not pass through the concrete, 
the form being raised when the concrete reaches their level. In the same 
figure is shown a style of tongued and grooved molding with edges slightly 
beveled, which may be used to form the horizontal joint instead of nailing 
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a triangular strip upon the planks. If the surface is finished as a mono- 
lith of course no moldings are r^uired. The forms must be nearly water- 
tight, to prevent the mortar running away from the stones. 

Placing Concrete in Walls. For thin walls it is necessary to use mushy 
concrete, so soft that it must be handled quickly or it will run olT the 
shovel. It should not, however, be so wet that the mortar is watery, or it 
will run away from the stones and leave pockets in the finished work. 
The concrete should be joggled rather than rammed, the chief o])ject 
being to prevent collections of stones in one place, which will cause notice- 



Fig. 197. — Forms for Hollow Walls. {See p, 622.) 


able voids on the surface. The ramming of concrete is discussed on page 
281, and methods of surfacing are described on page 288. 

The size of stone for walls is sometimes limited to } inch or one inch. 
However, a larger sized material, even up to 2 inches, has been used by 
Mr. Thompson in 4 and 6-inch walls with satisfactory results. 

CONCRETE COLUMNS 

Methods of design and allowable working stresses are recommended in 
Chapter XXI, page 488. Unless of very large diameter in proportion to 
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the length, columns should be always reinforced, not only to strengthen thet^ 
but to guard against possible emergencies. If the steel is not actually 
figured to take stress, i ov 1 inch rods, one in each corner, are customary 
reinforcement. For wall columns or others where there is slight eccen- 
tricity, extra rods may be inserted on the side where there is the greatest 
stress. If the loading is appreciably eccentric, allowance must be made for 
it in the design, and the stresses and reinforcement may be computed from 
the analyses presented on i)ages 558 to 574. 

The columns of the Harvard Stadium,* illustrated in our frontispiece 
in process of construction, range in size from 14 inches scpiare to 24 by 
33 inches, and contain | and ^ -inch rexis in the corners with square loops 
of J-inch rods placed around them horizontally at intervals of about fifty 
times the diameters of the loop rods. 'Fhc allowable compressive stress 
for I : 3: 6 concrete in columns was taken at 350 lb. per square inch. The 
outer wall is supported by hollow piers, 66 by 36 inches over all, 4 inches 
thick on the longer faces, and 6 to 8 inches thick on the ends. 

The 1904 specifications of the Prussian Public Works place the horizontal 
rods at distances apart of not more than thirty times their diameters. 

A typical section of column in the Ingalls Building is shown in Fig. 192, 
page 613. The rods designed to assist in bearing the compressive stress 
are 4 inches in diameter in the lower portion of the column, and are grad- 
ually reduced to one inch diameter at the upper stories. They are con- 
nected at the ends with pipe couplings and the joints gnxiled. The outer 
rods on each edge of the column are designed to resist the wind stresses. 
To avoid complication in the drawing, these are not shown at the floor 
level. 

The construction of the molds for a concrete column is illustrated in 
Fig. 198, which shows a column of the Harvard Stadium under construction. 

GOST OF CONCRETE BUILDING CONSTRUCTION 

So many factors enter into the co.st of concrete buildings that it is impos- 
sible to give data which will apply to all conditions without specifying the 
character of the design, the size, height and shai)e of the building and the 
unit cost of materials and labor. .\nv structure must be accurately esti- 
mated, paying special attention to the cost of forms. A few general rules 
are given on page 26. 

Mr. Emil Perrot-j* gives the following ai)proximate average values per 

* D^ribed by Lewis J. Johnson in Journal Association Engineering Societies, June, 1904, p. 293. 

f l^ceedings National Cement Users' Association, 1009. 
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tio fo8 — Molds for Columns at Harvard Stadium {J>ee p 624 ) 
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cubic foot for different types of buildings, which are useful for rough ap- 
proximate estimates by the prospective builder: 

1. Warehouses and manufactories. Cost, 8 to 1 1 cents per cubic foot. 

2. Stores and loft buildings. Cost, ii to 17 cents per cubic foot. 

3. Miscellaneous, such as schools and hospitals. Cost, 15 to 20 cents 
per cubic foot. 

These costs include the building complete, omitting power, heat, light, 
elevators and decorations or furnishings. 

DOMES 

Reinforced concrete is admirably adapted to the construction of domes, 
since the concrete can take all the comjiressive stresses, and the steel the 
tensile stresses developed in the lower curves of the dome and in the arch 
ring. 

While a number of domes have been constructed entirely of reinforced 
concrete, in ICurope up to over 70 foot spans, llie more common practice 
in America has been to carry a concrete shell on a framework of structural 
steel. 

Yale University Dome. An example of the latter type is the dome of 
one of the bi centennial buildings at Yale University, New Haven, Conn., 
for example, 55 feet in diameter at the bottom and 34 feet high, consists 
of a skeleton of 24 8-inch I-beam ribs, supported at the lop against a circular 
.steel rim, with reinforcing metal imbedded in the 3.Uinch thickness of con- 
crete between them. 'Fhe surface of the concrete was formed by “screed- 
ing’^ it with a curved templet whose length was the entire height of the arch. 

Dome of Temple Adath Israel. A dome entirely of reinforced concrete 
is represented in cross section in Fig. 199, page O27. This is the main dome 
of the Temple Adath Israel at Boston, Mass., designed and built by Mr. O. 
W. Norcross, under the supervi.sion of Mr. C. H. Blackall, Architect. 

The dome proper, which has a span of 52 feet 9 inches, is 5 inches thick 
at the haunch and 3 inches thick at the crown, and is composed of 1:2:4 
broken stone concrete. The reinforcement consists of expanded metal, 
3-inch me.sh No. lo gage, from the tension ring to the angle o£ rupture, and 
2-inch mesh No. 12 gage for the remainder of the section. The 5 by 4 by 
J-inch angle tension ring is supported by 4 by 3 by j inch angle struts, one 
on each side of all the haunch windows, which in turn carry the weight of 
the dome to the steel girders of the roof below. 

In designing the dome, the stresses were computed by Prof. William Cain’s 
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analytical method,* the essential features bcin^ somewhat similar to the 
Habrich Construction as applied to domes in Europe. 



Fig. 199. Dome of Temple Adrith Israel, Bosttm. (^tv; />. 616.) 


WALLS OF MORTAR PLASTERED UPON METAL LATH 

Partitions of jilaster from metal lathing arc used extensively for fire- 
proof office buildings and hotels, and arc also adapted, when made with 
Portlanrl cement mortar, to certain classes of outside walls. 

For a one-story building, timber or steel posts may he set upon concrete 
foundations, and the walls constructed by using J-inch or i-inch channel 
irons for studding, to which the metal lathing is attached, and then covered 
(on both sides) with Portland cement mortar about 2 inches thick, the stud- 
ding being generally set from 12 to 16 inches on centers, the spacing de- 
pending on the height of wall. Such walls are also adapted for high 
buildings where steel frames are used, as the studding can be securely 
bolted to the steel work, and the metal lathing and cement applied in the 
same manner as for one-story buildings. 

For curtain walls the first coat of mortar is usually mixed with one barrel 
of first-class Portland cement to three barrels of coarse sand, and one cask 
of lime putty, or paste, into which is mixed a small quantity of long cattle 
hair. The second coat, which is applied before the first coat is thoroughly 
dry, consists of one barrel of Portland cemcht to three barrels of sand with 
about a bucketful of lime putty, without hair. The finish coat is generally 
mixed in the proportions of one part Portland cement to two parts sand 

♦ Transactions American Society Civil Engineers, Vol. LV, p. 20i. 
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This finish coat may be troweled or floated to a smooth or rough surface, 
as may be desired, or it may be given what is known as a ‘^slap-dash” 
finish by throwing the mortar on with a brush or twig broom. 

Ornamental Construction. Concrete or moitar may be cast by special 
molds into bloc ks ol an) desired si/e or shape, or molded for ornamental 
decoration m designs which vie both architecturally and in durability with 
finely carved sandstone, lime'^tone, and granite. The color may be slightly 



1 lo 200 - Pouring Sc it Slab of Har\iird Si idium {Sec p OaS.) 


varied by mixing difTcrent kinds of crushed stone Artificial coloring 
matter is apt to fade. 

Ornaments are run whole in a mold which is made in halves, or are 
molded in two or three pieces and cemented together. Molds of plaster- 
of-l^aris, shellacked within, are commonlv employed. 

Another method of molding, similar to that employed for iron castings, 
is with fine, damp sand, which is sometimes treated by a patented process. 
A wooden core is made and sand packed around it, then the core is re- 
moved, and the mortar is poured in The surfaces, after setting, may be 
rubbed down and floated. Fig. 200 illustrates the pouring of a seat slab 
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at the Harvard Stadium.* The wooden core, which was of the'form of an 
L, for riser and tread, has been removed from the sand, reinforcing wire 
placed, and thick grout of the consistency of cream is being run in from 
a box car.; The proportions of material were about one part Portland 
cement to 2^ parts tine crushed trap rock under |-inch diameter. 

Surfacing is treated on page 288. 


CONCRETE BUILDING BLOCKS 

Numerous machines and patented methcxls arc on the market for form* 
ing building blocks of Portland cement, mortar or concrete to compete with 
brick and stone for hous^ fronts. Some of the machines form the blocks 
from concrete mixed rather dry and pressed into the mold, while other 
methods employ a scmi-liiiuid consistency, and the material is merely 
poured into the molds. I'hc blocks may be hollow so as to extend clear 
through the wall, or cai h face of the wall may be laid with .separate blocks. 
. If care i.s exercised in molding and the sizes and surface api:)earance of 
the blocks are varied, a wall of pleasing architectural effect is f)ossible. 

The material for building blocks should be first-class Portland cement 
and tine crushed rock, or fine gravel and sand ranging in size from ^ inch 
in diameter to du.st. Fine sand or fine du.st alone makes with Portland 
cement a very iiorous stone, and mu.sl therefore never be used. 

CONCRETE TILE 

Concrete hollow tile is being made for the same luscs as terra cotta tiling 
for jjartitions and lloors, and also for dwelling houses in the construction 
of outside walls as well as of interior partitions. 'Phe sizes and shapes of 
the blocks are varied for the different purposes. 

One of the best patented liroiresscs for making concrete tile consists in 
fX)uring wet concrete of the consistency of grout, into a mold and then, by 
application of a steam jacket, which forms a part of the mold, eva[)orating 
enough of the water from the cone retc to permit the withdrawal of the tile 
from the mold within a feW minute?. I'he product thus has the density 
and uniformity of wet mixed concrete, and is veiy true and uniform in shape 
and size and in thickness of walls. Plastering appears to adhere to it bet- 
ter than to most other forms of concrete. 

i 

* Lewis J. Johnson in Journal Association Engineering Societies, June, 1904, p. 305. 
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. REINFORCED CONCRETE CHIMNEYS 

High factory chimneys of reinforced concrete are being built in this 
country and abroad. The cost, especially of those over loo feet high, is 
usually much less than brick. If designed and built upon the same prin- 
ciples and by the same methods which have proved essential in other types 
of reinforced concrete construction, they can be depended upon to give 
permanent satisfaction. 

Reports* from a large number of chimneys have shown that concrete is 
unaffected by the heat from an ordinary steam boiler plant. The temper- 
ature in such chimneys seldom exceeds 700° Fahr. while 400° to 500° Fahr. 
is more usual, hixperimental tests also indicate that concrete is not appre- 
ciably injured at temperatures of 600° to 700° Fahr.j* 

To provide for extremes, it is advisable, however, to build an independ- 
ent inner shell of concrete or firebrick for at least a portion of the height. 
Concrete should not be used for a chimney in connection with special high 
temperature furnaces. 

Since concrete and steel have substantially the same coefficient of expan- 
sionj there is no danger of heat causing a separation of the reinforcement 
from the concrete. 

The expansive effect of heat is a more serious question. Stresses arc set 
up in the shell of any masonry chimney because of the hot interior and cold 
exterior surfaces. A concrete chimney, however, has thinner walls so that 
the stress is less than in one of brick or tile and it is also better reinforced. 
Provision for temperature stresses arc discussed in paragraphs on design 
which follow. 

Construction. A reinforced concrete chimney is more difficult to con- 
struct than many other kinds of concrete construction because of its height 
and shape, and it therefore should be handled by exjicrienccd builders. 

It is essential in chimney construction that the materials be very carefully 
selected. The sand as well as the cement should be tested by determining 
the actual tensile strength of mortar made from it. The stone preferably 
should be of the nature of a hard trap rock inch maximum size. Propor- 
tions 1:2:3 h^ve been found to give good results. A dry mix should not 
be used, since insufficient water will produce a porous concrete which does 
not adhere to the steel. The consistency must be wet enough to quake and 
form jelly-like mass when lightly rammed, so as to properly imbed and 

♦ A special investigation of reinforced concrete chimneys was made by Sanford E. Thompson in 
1907 for the Association of American Portland Cement Manufacturers. Many of the points here 
discussed are summarized from the report, which is printed as Bulletin No. 18 of the Association. 

•f Tests of Metals. U. S. A. 

t See page 287. 




63i 


A TREATISE ON CONCRETE 


‘ bond the reinforcement- No exterior plastering should be permitted because 
it is liable to check and scale. The steel should be good qualify round or 
deformed bars. Bars with flat surfaces like T-bars are inferior because 
the flat surfaces give a poor bond and the angles make the placing of the 
concrete difficult., Deformed bars of small size quite closely spaejsd are 
specially good for the horizontal steel to distribute the temperature stresses 
‘ and high carbon steel of first-class quality also has advantages for the hor- 
izontal reinforcement. 

Design* The design of a chimney built in Brooklyn, N. Y., in 1907 is 
illustrated in Fig. 201 . 

Design of Reinforced Concrete Chimneys. A reinforced concrete chim- 
ney consists primarily of a concrete shell with vertical steel bars imbedded 
in it all around the chimney. The shell must he of proper thickness and 
the steel bars sufficient in size and number to withstand the stresses due to 
the weight of the chimney and to the action of the wind. A chimney of this 
type differs essentially from one of brick in that the diameter at the base is 
so small as compared to the height that it would overturn under a heavy 
wind were it not for the rertical bars of steel which serve as anerhors and 
hold it on the windward side. 

Wind, in blowing against a chimney, causes compression on the side o[)f)o- 
site to the wind and tension on the side against which the wind is acting. 
This compression is resisted by the concrete and steel on the leeward side, 
while the tension or pull is taken by the steehon the windward side. 

In addition to the vertical reinforcement, a reinforced concrete chimney 
should be provided with horizontal hoops of steel, the object of which is to 
stiffen the vertical steel, to distribute cracks in the com rete due to a dif- 
ference in temperature between tlie interior and exterior and to resist the 
diagonal tension. 

IijL designing a reinforced concrete chimney the ]>roblcm then is primar- 
ily to determine at various horizontal sections the necessary thickness of the 
concrete shell and the required amount 'of vertical reinforcement, so that 
the allowable working stresses in the concrete and in the stcdl shall njot be 
exceeded under the action of the forces to which the structure may be sub- 
jected. The problem is one in mechanics, involving the equilibrium of a 
system of forces, and, with certain reasonable assumptions, the laws of me- 
chanics may therefore be applied to these forces, producing thereby certain 
rational formulas from which the necessary proportions of the chimney may 
.b^rietermined. The complete analysis and development of the most useful 
f^Otinulas are given in Appendix III, page 765, of this treatise, the formulas ; 
^ themselves being reproduced below. 
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The problem of the determination of stresses dpe to the difference in 
temperature between the interior and the exterior of the shell involves many 
uncertainties. The heat tends to expand the inner surfaces, producing 
tension in the outside surface of the shell and compression in the interior 
surface. Although the distribution of the stress is not clearly known, the 
variation of the heat through the shell not being uniform, tentative compu- 
tations indicate high stresses so that it is a question whether vertical tem- 
perature cracks can be entirely prevented any more than they can be pre- 
vented in brick or tile chimneys. The function of the horizontal steel may 
therefore be to distribute these cracks and to resist the vertical sihear or 
diagonal tension. This horizontal steel should be distributed therefore by 
using small diameter bars closely spaced rather than large l)ars spaced fur- 
ther apart. Because of the possilnlity of vertical temperature cracks, the 
concrete should never be relied ui)on to carry tension or vertical shear, and 
the amount of horizontal reinforcement to resist this may be obtained in a 
similar fashion to the determination of vertical stirrups in a beam. In 
Appendix III, page 772, the analysis for the shearing stresses is indicated, 
and the final formula is presented below together with suggestions for adapt- 
ing the horizontal reinforcement to temiKjraturc stresses. 

The amount of vertical reinforcement, the thickness of the shell, and the 
percentage of horizontal reinforcement may be obtained from the following 
formulas, the derivation of which is given in Appendix III, page 765. 

Let 

lY == weight in pounds of the chimney above the section under considera- 
tion. 

M — moment in inch-pounds of the wind about that section. 
fg = maximum tension in the steel in pounds ])er square inch. 

== maximum compression in the concrete in pounds ]>er square inch 
(measured at the mean circumference). 

E 

M — = ratio of modulus of elasticity of steel to that of concrete. 

D ,= mean diameter of shell in inches (i. e., diameter of center of ring). 
r = mean radius of shell in inches. 

/ — total thickness of shell in inches. 

Ag ~ total cross-sectional area, in .square inches, of reinforcing bars in 
the section under consideration. 

k = ratio of distance of neutral axis, from mean circumference on compres- 
sion .side, to the mean diameter I). 

Cp, Cjt = constants for any given value of k, Tables i and 2, pages 635, 

636. 
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pQ = ratio of area of steel hoop to area of concrete. 

= height in feet of chimney above section under consideration. 

F = effective wind ])ressure against chimney in pounds per square foot. 


Then 


i 


8 (M - W z D) 

2 W -h — Cpf^n) 


ttD 


Po ^ H 0.002S 

i8.8y, / 


(i) 


(2) 

(3) 


Formulas (/), (2), and (^5) correspond io formulas (7), { 8 )^ and (p) in 
Appendix III, 

In the formula for poj the first term gives tht‘ ratio of steel to resist verti- 
cal shear or diagonal tension, and tlie second term is an arbitrary ratio 
designed to distribute the temperature strains. 'I'o best distribute the tem- 
perature strains, a maximum spacing of the horizontal bars is recommended 
as 6 inches to 10 inches. 

In the formulas the terms s, Cp and Cj^vltc (‘onstants, the values of which 
are fixed for any given position of the neutral axis. By means of tal)les 
I and 2 (])]). 635-6) these constants may be easily and quickly determined 
so that the solution of formulas (i) and (2) is rendered quite simjde after 
the selecting of the diameter and height of the chimney and computing the 
bending moments due to the wind at the various sections considered. The 
thickness of shell must be assumed in formula (i) in order to determine 
the average diameter D and to compute the weight W. A new computation 
may be made to correct this if necessary. For economical distribution of 
concrete and steel, computation must be made for several sections in the 
height. It is advisable to make the thickness of exterior shell never less 
than 5 inches but the number of steel rods may be gradually reduced toward 
the top. 

Summary of Essentials in Design and Construction. In the investiga- 
tion* referred to, the essential requirements are summarized as follows: 

(1) Design the foundations according to the best engineering practice. 

(2) Compute the dimensions and reinforcement in the chimney with 
conservative units of stress, providing a factor of safety in the concrete of 
not less than 4 or 5. 


♦ See footnote, p. 630. 
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(3) Provide enough vertical steel to take all of the pull without exceed- 
ing 14,000 or at most 16,000 pounds |)er square inch. 

(4) Provide enough horizontal or circular steel to take all the vertical 
shear and to resist the tendency to expansion due to the interior heat. 

(5) Distribute the horizontal steel by numerous small rods in prefer- 
ence to larger rods sj)aced farther apart. 

(6) Specially reinforce sections where the thickness in the wall of the 
chimney is changed or wliicli are liable to marked changes of temperature. 

(7) Select lirst-class materials and thoroughly test them before and dur- 
ing the progress of the work. 

(8) Mix the concrete thoroughly and provide enough water to produce a 
quaking concrete. 

(9) Bond the layers of concrete together. 

(10) Accurately place the steel. 

(11) Place the concrete around the steel carefully, ramming it so thor- 
oughly that it will slush against the steel and adhere at every point. 

(12) Keep the forms rigid. 

The fulfillment of these requirements will increase the cost of the struc- 
ture, but if the recommendations are followed, there should be no ditliculty 
in erecting concrete chimneys which will give thorough satisfaction and will 
endure. 


Table i. Values oj Constants Cp, Cp, z and j for Different Positions of the 
Xentral (/. e., for various values oj k) 

For use with equations (i), (2) and 0 )» P^^g^ ^.>4. t^nd (7), (8) and (9), 
pages 771 to 773-. k is ratio of distance of neutral axis from mean circum- 
ference on compression side to the mean diameter Ih Value of k to suit the 
condition of the problem is obtained from Table 2, page 636. 


k i 
* 1 

Cp j 

Ct 

- 

/ 

0.050 

i 0 . Ooo 

^ . 008 

0 . 490 

0.760 

0.100 j 

0.852 i 

2.887 

0.480 

0. 766 

0.150 1 

1 . 049 

2.772 

0.469 

0.771 

0.200 

1.218 

2.061 

0.459 

0.776 

0.250 

1-370 

2 . 55 r i 

0.448 

0.779 

0.300 

1-510 

2.442 

0.438 

0.781 

0.350 

! 1 . 640 

2 . 333 

0.427 

0.783 

0.400 


1 2.224 

0.416 

0.784 

0.450 

I T . 884 

2.113 

0.404 

0.78s 

0.500 , 

1 2.000 

1 2 . 000 

0.39.S 

0 786 

0.550 

0.600 

2.113 

j 2.224 1 

1.884 

i- 7<^5 

0.381 

o^ 3 f><) 

0.785 

0.784 
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Table 2. Location of Neutral Axia for varwna combmationa of compreaaive atreaa^ tenaile 
atreaa, and ratio of moduli, n, (aee p. 633.) 


91 ^ 

(Q U 

S.i 

ad/. 

3 «B -• 


. k 

KATIO OF DJCPTtI OF NEUTRAL AXIS TO DEPTH OF STEEL BELOW MOST COMPRESSED 

SURFACE OK BEAM 


n = 10 _ 

MaKiinuiii compressive stress 
in concrete, 


n ^ 12 I n « 15 

Muximntn compressive stress | .Muximiim compressive stress 
in couoreie, f^ ' in concrete, }f. 



300 

400 

5 oo 

600^ 

700 

8000 

. 272 

. 3.34 

.384 

.428 

.466 

9000 

.2S0 

.308 

.357 

.400 

.4.38 

loooto 

.231 

.286 

. 3.34 

.375 

.412 

xiooo 

.214 

. 266 

.312 

..i 53 

..389 

12000 

. 200 

. aSo 

.294 

.334 

.368 

1 3000 

.188 

. 236 

. 278 

.316 

• 35 o 

14000 

. 176 

. 222 

. 263 

. 300 

. 3.34 

xSooo 

.166 

.210 

. 2.S0 

. 28.3 

.318 

16000 

. 1S8 

. 200 

.238 

. 272 

■ 304 

Z7O0O 

. zSo 

. 196 

. 228 

. 261 

. 291 

x8ooo 

.143 

.182 

.218 

. 25 o 

. 280 

19000 

.136 

.174 

. J08 

. 240 

. 270 

20000 

• 1.30 

.166 

. 200 

.231 

. 260 


300 ! 

400 j 

1 Soo 

600 ! 

700 ; 

300 1 

400 

5oo 

600 

700 

.3to! 

• 375 ! 

.428 

• 474*1 

. 5i 2 

. 360 

.428 

.484 

.530 

.563 

. 285 

1 

.400 

. 444 , 

.483 

.334 

. 400 

.454 

.5oo 

.538 

. 264 ! 

' .324 

.375 

. 4 i 8 j 

.456 

.310 

.375 

.428 

.474 

.5i7 

.246 

• 304 

. 35 3 

• 39 S 

.433 

. 290 

.353 

.405 

.450 

.488 

. 231 ! 

. 28 S 

. 3.34 

! .37 SI 

.412 

. 272 

- 334 

.384 

.428 

.466 

. 2 I 7 I 

.270 

.3161 .356; 

. 392 

.257 

.316 

.366 

.409 

.447 

. 204 

. 255 

.300 

1 . 340 : 

.375 

.243 

. 300 

•349 

.391 

.428 

. 198 

. 242 

.286 


. 360 

. 231 

.286 

. 3.34 

.375 

. 4 x 2 

. 184 ! 

.231 

j .272 

' .3*0 

. .344 

. 220 

. 272 

.319 

.360 

.396 

. 1751 

1 .220 

.261 

! . 298 ' 

•330 

.210 

. 261 

. 306 

..346 

.382 

.1661 

! .310 

.25o .2851 

.318 

. 200 

. 25o 

.294 

• 334 

.368 

. I ()Oi 

. 201 

1 .240 

. 275' 

• 306 

. 192 

. 240 

.283 

.322 

.356 

.I52j 

i .194 

.231 

' . 264 ; 

. 296 

. 184 

.231 

. 272 

. 3 x 0 

• 344 


In connection with reinforced concrete chimneys, the problems which 
arise are of two general kinds: 

(1) A problem in design, involving the determination of the necessary 
thickness of shell and required amount of reinforcement at the various 
sections of a chimney of given height and diameter. 

(2) A problem in the review or investigation of a chimney of given height 
and diameter having a certain thjipkness of shell and a given amount of 
reinforcement to determine the stresses in the concrete and the steel under 
the action of certain forces. 

The application of the foregoing formulas to such problems and the use 
of the. accompanying tables may bc.st be illustrated by the following numeri- 
cal examples, although the designer is advised also to refer to Appendix III, 
pp. 765-773 for a thorough understanding of the subject. 

Design op a Chimney. Example /. Given a chimney wdth height above 
section considered, no ft.; mean diameter at section considered, 10 ft.; allow- 
able pressure in concrete (/g), 500 lb. per sq. in.; allowable tension in steel 
(/,), 14 000 lb. persq. in.;ratioof moduli w, 15; wind pressure (on normal plane) 
50 lb., per sq. ft., weight of concrete taken as 150 lb. per cu. ft. What is the 
necessfliry thickness of shell and amount of reinforcement at the given section? 

Solution. As in all chimney designs, it is necessary here to make a trial 
a^umption of the thickness of shell in order to estimate the weight. Suppose 
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we assume a 6-inch shell for the entire height above the sectipn. Assuming 
that a wind pressure of 50 lbs. per square foot on a normal plane corresponds 
to Yjy of 50 pounds or 30 pounds per square foot on the projected diameter 
of a cylindrical surface we have the bending moment due to the wind, 
ilf [10.5 X no X 30] X * 5 ** X 13 =!» 22 SbQ 000 in. lb. 
and the total weight of the chimney above the section, 

W' = 3.1416 X TO X 0.5 X no X T5o»-« 359 180 lb. 

For fc « 500. -■*» 14 000, and n == 15, table i gives k =* .349 

For k = .349 table 2 gives C'l* - 1-637, Cq* =« 2.335, s = .427 
Substituting in equation (1), 


8 (22 869 000 — 259 180 X .427 X. 120) 

— - - -- ' 19.6 

2-335 X 14000 X 120 

Therefore 19.6 square inches of steel are required. 

If J inch round rods are selected, 45 of thetn would be required. 
Substituting in equation (2), we have 

19.6 

t « 250180 + [(2.335 X 14000) - (i- 637_X 5 00 X Ip] 3-^416 

1-637 X 500 X 120 

10.6 . , 

A.o inches 

3.1416 X 120 


Therefore a 6.6 inch shell would be used. 

In general the values of .*1^, and / as thus obtained .should be readjusted by 
computing IV on the basis of the computed thickness of shell. In the case at 
hand, however, the original assumption of a 6'inch thickness corresponds, 
for all practical purfK>.ses, with the computed thickness of 6.0 incho.s, sothat 
recompulation is, in thi.s case, unnecessary. If the \valls of the chimney taper 
in thickness the value of IV must be altered accordingly.* 

Having determined the required thickness of shell and amount of vertical 
reinforcement there remains the question of the necessary horizontal or cir- 
cular reinforcement. Substituting in formula (3) for say 14000 lb., we 
have 


P. 


I j o X 3« 

1S.8 X 14000 X 6.6 


X 0.0025 


0.0044 


Area of steel, -Ig 6.6 X 12 X 0.0044 — 0.35 sq. in. Thus J inch round rods 
should be spaced 6} inches on centers. 

In a similar manner any other .section of the chimney may be proportioned. 

Review of a Chimney. Example 2. Given a chimney with height above 
section considered, 90 ft; mean diameter at section considered, 8 ft.; thickne.ss 
of shell at section considered, 6 in.; vertical steel at section condsidered, 60 — J 
in. round rods; wind pressure (on normal plane, 50 lb. per sq. ft.); weight of 
concrete taken as 150 lb. per sq. ft.; ratio of moduli, «, 15. 

What are the maximum stresses in the concrete and in the vertical steetat 
the section under consideration? • 
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Solution. A problem of this kind must necessarily be solved by a method 
of successive trials, since the position of the neutral axis is not known. The 
location of the neut ral axis is determined by the values of and n, two of 
which, in this case, are unknown. The method of procedure, therefore, is to 
assume outright a trial position of the neutral axis, select the constants accord- 
ingly, substitute in equations (i) and (2) and solve them for and 

Then see if the position of the neutral axis, as fixed by these values of 
Z# and Zc and the given w, is the same as the position assumed at the start. 
If the two positions agree, then and as found are the actual stresses; if 
not, a new ])osition of the neutral axis must be assumed, new constants 
selected, and new values of Z* and computed fn)Tn c(]uations (1) and (2). 
Thus a series of trials must be made until the location of the neutral axis as 
aSvSumed is consistent with the computed values of and together with 
the given n. 

In this problem, assuming 30 pounds pressure r)n the projected area, we have 
the bending moment due to the wind, 

M = [8.5 X <>o X 30] X - - X I ^ - I 000 in lb. 

land the total weight of the chimney cibove the sctMion, 

W — 3.1 ^ X X 0.5 X <M> X 150 j()»> 646 lb. 

Aj, - ()o X .?o()tS -- 1S.41 s(), in. 

Now suj)pose we asstimo tlie neutral axis at, say, k ■ . )oo 
For A’ ~ .p)o, table i gives Tp - i.705,c 'p ■ 2 224. c. .|i6 
Substituting in eciuation (i ) we have 

S ( I 2 000 - I ()() 6 4(> X . 1 1 X 

rS.4j — — - — 

2.224 X X of) 

whence - 1 1400 

Substituting in e(piati(ju (2) we have 

2 X i0u64(} -f (2.224 X 11400 — j 76!^./,. lO * 

' ‘ 

1.7O5 X ic X gt) 3 .J 4 i 6 X 9 fi 

whence Zc =416 

Now Z« ~ II 400, Zc = 4 i 6» and r = 15 gives k = .354 which does not cor- 
respond with our original assumpticjii s = .400. Evidently the true k must 
lie somewhere between the assumed and determined Vcalues, hence if we now 
assume, say, k ^ .375 and recompute, we obtain /« = 11 000 and fc =» 435. 
the values of which together with w =» 15 gives k ^ .371 which checks fairly 
well with the assumption of A? *= .375. F<ir all practical purposes we may 
therefore say that the maximum stress in the steel is ii 000 pounds per square 
inch, while the maximum stress in the concrete is 435 pounds per square inch. 
The results indicate that both the thickness of shell and the amount of steel 
are greater than arc necessary for safe stresses. 
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CHAPTER XXV 

FOUNDATIONS AND PIERS 

Concrete excels as a material for foundations, and here finds its widest 
and most important field of usefulness. It is pre-eminently adapted to 
such construction, because the stresses are chiefly compressive, the forms 
are easily built, and the surface appearance need not be considered. 

Concrete is peculiarly suited to under-water foundations because, 
although it requires careful handling, it can be placed with great 
facility. It is now used even in piling. (See p. 650.) 

Within recent years concrete has been adopted for foundations above 
ground, such as bridge piers, and is standing the test of durability even 
when subjected to excessive wear and impact. (See p. 654.) 

Since the design of a foundation or sub-structure is governed almost as 
much by the character of the underlying rock or soil as by the super- 
structure, brief reference is made to the standard practice in estimating 
loads, although the treatment of engineering principles, as such, is not 
within the province of this treatise. 

Reinforced concrete footings are treated in detail (see |). 644). 

BEARING POWER OF SOILS AND ROOK 

Sound hard ledge will support the weight of any foundation and super- 
structure, but if the rock is seamy or rotten it may require thorough ex- 
amination and special treatment. If its surface is weathered, it must be 
removed. A sloping surface must be stepped or the foundation de.signed 
with sufficient toe to prevent sliding. 

The sustaining power of earths depends upon their composition, the 
amount of water which they contain or are likely to receive, and the de- 
gree to which they are confined. An approximate idea of the loads which 
may be safely placed upon uniform strata of considerable thickness is 
given by Mr. George B. Francis*: 

There are several classes of .strata that are readily definable, such as 
ledge rock, hard pan, gravel, clean sand, dry clay, wet clay, and loam, and 
when these strata are of considerable thickness and uniform for consid- 
erable areas, they may be loaded with safety (provided the material 


*Jounial Association Engineering Societies, June 1903, p. 340. 
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placed thereon is not of less density than the natural material upon which 
It is placed, viz , concrete or brick work on ledge rock) as follows 

Ledge rock, 36 tons per square foot. 

Hard pan, 8 tons per square foot. 

Gravel, s tons per square foot 

Clean sand, 4 tons per square foot 

Dry clay, 3 tons per square foot. 

Wet clay, 2 tons per square foot. 

Loam, I ton per square foot. 

Mr Francis, however, calls attention to the many kinds and mixtures 
of materials, and to the consequent impossibiht) of applying such spe- 
citic rules as the above to all cases lie also emphasizes the necessity 
for varied and ample experience when tixing safe allowable pressures 

If the piles arc clnven to firm strata, such as rock or hard pan, the 
loading which a pile will stand is determined by the crushing strength 
of the timber If supported wlioll) or in part by friction, it is customary 
to calculate the safe loading by a foimuli based upon factors obtained by 
experiment, or by one based upon the penetration of the pile from the 
blow of the pile dn\er 

An engineer experienced in pile driving in a particular locality can 
often determine by judgment whether the piles have reached a firm bearing, 
but it lb usually safer to formulate exact specifications Mr Joseph R 
Worcester* advises for piles which meet a hard resistance, a penetration 
of>one inch under a 2 000 lb hammei filling 10 feet, and for piles which 
hold by friction, a penetration of 3 inches under a 2 000 lb hammer 
falling 15 feet He prefers heavier hammers if the} arc available 

A mean of the various formulasf gives for ajiproximatc average values, 
after applying a factor of safety of 3, a safe load of 16 tons for bearing 
piles and 9 tons for friction piles * These lo ids applv to ordinary piles 
of spruce and Norwav pme 

A commonly used formula for determining safe loading on piles with 
reference to the penetration under blows of the hammer is the Engineering 
News formula, which is as follows 
Let 

P = safe load in tons upon a pile. 

W =• weight of hammer m tons 

h » height of fall in feet 

p « penetration in inches under last blow. 

^Journal Association Engmeenng Societies, June, 1903, p 285 

flhe various pile formulas are tabulated and discussed by Ernest P Goodrich, id Trane* 
actions American Society of Civil Enfimeera, Vol XLVUl, p. tSo. 
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p^2Wk 

P + l 

Mr. Worcester states with reference to spacing piles: 

The minimum distance between centers of piles depends upon two 
factors: the hardness of the soil and the size of the butts. Ordinary spruce 
piles may be well driven 24 inches on centers, while large and long piles 
cannijt be driven to advantage closer than 30 inches. Another governing 
condition must be taken into account, however, and that is the supporting 
power of the soil as a whole. Where the i)iles reach a real hard pan, the 
soil will generally resist all the pressure that the ]>iles can bring on it, 
unless it consists of a thin crust overlying a soft material; but when the 
soil is so soft that the piles hold by friction only, and there is enough 
friction to carry all the soil between the piles down with them, in case they 
go together, the spacing becomes a question of how much the underlying 
soil will support per square foot. For example, if the soil can only sup- 
port 2 tons per square foot, and the piles could each carry 18 tons, it is 
useless to place them closer than 3 feet on centers. 

CONCRETE CAPPING FOR PILES 

Although some authorities advocate stone capping for piles, even if the 
cost is more, it is generally considered good practise to lay the concrete 
directly upon the head of the pile. The ground is excavated to a depth 
of one or two feet around the ])ilcs, and if very softj a layer of broken 
stone or chips may be spread and rammed hard upon it before laying 
the concrete. The load is distributed by the concrete, and the support- 
ing power of the soil between the piles is utilized. 

The thickness of the concrete above the [>iles must be sufficient to dis- 
tribute the superimposed weight, and the reactionary load of the pile head 
acting upwards. If the layer is very thin there may be danger of the pile 
head shearing through the concrete. The objection sometimes raised to 
concrete capping is that the upward crushing stress upon the concrete by 
the head of the pile may be excessive, especially if loaded l^efore the con- 
crete is thoroughly hard. In considering this tendency, it must be borne 
in mind that under concentrated loading the concrete will sustain a higher 
stress, per unit of area of contact than if the load is distributed. (See 

p. 349.) 

DESIGN OF CONCRETE FOUNDATIONS AND FOOTINGS 

■The load upon a building foundation need not always be taken as the 
dead load plus the entire Uve. load for which the superstructure is de- 
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signed, because in most structures the full live load will never be imposed 
upon all the floors at the same time. A conservative suggestion for reduc- 
tion in the live load is given on page 61 1. 

1 T0 prevent cracks in a structure, it is not only necessary to select a proper 
unit pressure on the soil but also to see that this pressure is uniform, so that 
if there is settlement it will be the same throughout. To satisfy this con- 
dition, the center of the loads from the columns or other portions of the 
structure should coincide with the center of gravity of the base. The area 
iOf the footing should be proportional to its load. When such an arrange- 



Fig. 2C2. — Typical Column Foundations of Boston Elevated Railway, 

iSec p. 643,) 

I ment is difficult, the foundations under different columns should be separated 
and the area of base of each be made proportional to the superimposed load. 

Frequently the building line nearly coincides with the property line and 
the foundation must be placed entirely inside the building. In such cases, 
to prevent eccentric pressure, either cantilever construction may be used for 
transmitting the exterior column loads centrally to the footing, or a com- 
bined footing designed as explained on page 647. 
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In structures such as chimneys or narrow buildings which are subject 
to wind pressure, the foundation should be designed with due consider- 
ation of the eccentricity caused by the wind. 

With vertical loading upon rock or soil whose sustaining power per 
square foot is equal to or greater than the unit load, the dimensions of the 
foundation are fixed by the size of the structure, the safe load which can 
be sustained by the concrete, or by resistance to overturning. If the load 
is greater than an equivalent area of soil can sustain, the area of the base 
of the concrete must be enlarged, and the concrete battered or stepped or 
reinforced. It is a common engineering practice to make the length of 
the projections or steps of plain concrete one-half the height of the block, 
and this usually gives good results in buried foundations where the surround- 
ing earth assists to prevent splitting. 

The effect of concentrated loading must be considered when designing 
a footing. (See p. 367.) The pedestal bases for the Boston Elevated 
Railway were designed, when covering one-half the area of the concrete, 
with 25 % higher unit stresses for the concrete in actual contact than when 
covering the entire area. Fig. 202, page 642, shows a typical foundation 
for the columns.* 

The following figures are suggested as conservative safe loads, when the 
surface of the concrete is larger than the loaded area. Lower stresses should 
be used with moving loads or when the area of the foundations is no greater 
than that of a column which it supports. The figures arc based on ordinary 
concrete with a factor of safety of 4 at one month and a factor of 5 J at six 
months. 


Proportions of Concrete 
by ''olumet 

1:1:3 

I -. 2 :4 

1:24:5 

1:3:6 


Safe Loads on Foundations, 


Lb. i>er Hq. in. 
TOO 

650 

575 

500 


Safe Loading 


Ton.s persq. ft. 

50 

47 


41 

36 


For a vibrating or pounding load these values should be reduced from 
J to 4, dei)ending upon the nature of the loading. 

I-Beam Footiiigs. Formerly, footings were made by imbedding steel 
I-beams, or in some cases old rails, in concrete for column footings. The 
concrete serves to distribute the loads and protect the steel. A typical fijot- 
ing, designed by Mr. John S. Branne,J is illustrated in Fig. 203. page 644. 
In this particular case the situation required a cantilever girder connecting 
this foundation with the next, but the footing shown is itself designed for 
a total load of 173 tons, of which 120 tons are dead load and 53 tons live 
load. 

* George A. Kimball in Journal Association Engineering Sodeties, June, 1903, p. 351. 
f Based on a barrel of packed cement of 3.8 cu. ft., weighing 376 lb. net. 
t Journal Assodation Engineering Sodeties, Feb., 1901, p. ' 142. 




Fig. 203. — Concrete and I-beam Fooling. (5tv [>. 643.) 


REINFORCED CONCRETE FOOTINGS 

To distribute the load over a large area of soil without carrying the founda- 
tions, by successive steps, to a considerable depth and using a large mas.s of 
concrete, a single slab may be employed and-rcin forced with steel to prevent 
the projection breaking. 

This in almost all cases j)crmits a very great reduction in the quantity 
of material and reduces the cost. A footing reinforced with rods is designed 
to utilize the strength of the concrete, and is therefore more economical 
than the I-beam type of design just referred to, and is always to be preferred 
to it. 

A reinforced concrete footing is really a flat slab and should be designed 
as such. The theory of the flat plate, explained on pages 483 to 488, there- 
fore applies to it and the formulas on page 485 may be used directly for 
determining the bending moment. The principal formula for the maxi- 
mum bending moment is as follows: 

Let 

M = maximum moment causing radial fiber stress 

w — uniform distributed load on surface of the jjlate in pounds per square 
foot 
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Tq *» radius of base of column in feet 
f i radius of footing in feet ' 

Ctf C2 == constants to use in formula 
Then 

M = Wo* ( 0.2 4- Cl 4- Cj) 

Values of the constants Ci, Ca are found in the tabic page 518. 

The application of the formula and princii)les is best illustrated in the 
example which follows. . 

Example /. Find the dimensions of a footing for a column 28 inches sc|iiitro 
carrying 392000 pounds, when the allowable pressure on the soil is 2 tons 
per square foot? 

Solution, The necessary area of footing is found by dividing the total su- 

' ’ ^02 000 

perimposed load by the allowable unit pressui'e on the soil, or is - 98 

square feet, thus requiring an area 10 feet square. The footing may be con- 
sidered as a Hat slab h faded by the uniformly distributed upward pressure of 
the soil and fi.xed rigidly to the cf»lumn. The formulas given above were 
deduced for a circular plate, but may be applied without appreciable error 
to a square footing. 1'he radii to be used in the formulas are the averages 
of the radii (»f the circumscribed and inscribed circles. 


5 I- 7 


6.00 ft. 


T.17 f 1.63 


1.4 


' 4.3 


Using the formula and sul)stituting for the constants values found from the 
table, page 518, corresponding to 4.3 and using as Poi.sson's ratio, g - o.i 

^ u 

we have 

M - 4000 X T -4” (0.2 1 6.7 + 3.4(;) == 81600 ft. lb. per foot of width, 
which is equivalent to in. lb. per inch nl width. For tension in steel, ^ 
16000; compression in concrete, == 6.50; ratio of elasticity, n --= 15; 
ratio of .steel, p. = 0.0077; the constant from page 519, C is 0.096 and the 

depth of steel, (/7. 41S), d — 0.096 \/ 81600 = 27 2 in. 

The amount of steel will be found in the following manner. Find the area 
of steel required for the whole circumference of the inner circle of the plate, 
the radius of which at present is 1.4. Divide this amount by four and place it 
in two directions, at right angles, distributing it over an area slightly larger 
than the, base of the column. Double the spacing of rods outside of the 
column, as the bending moment decreases very rapidly as shown in Fig. 204.- 
Circumference is a X 1.4 X 12 X 3 i4if> = iti. Area of concrete. 

A =» 105.5 X 27.2 “= 2870 sq. in. Area of steel, A, =* 2870 X 0.0077 — 

22.1 

22.1 sq. in. Area of steel to be placed in one direction, A 5-53 

4 

in. The width of column is 28 in., hence six r in. square rods 5 in. on centers 
may be used. The spacing of the lods on the remaining area of the footing 
.will be made 10 in. Deformed bars are advantageous l^ecause of increased 
strength. > 
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Another method of arranging reinforcement is to place the bars in 4 layersi 
2 of them diagonally. 

The thickness of the footing may be decreased by judgment toward the 
edges without reducing its effective strength. 

Shear Reinforcement. A foot- 
ing to resist diagonal tension 
may require shear reinforce- 
ment of vertical stirrups or 
bent bars, i^laced near the 
column, where maximum shear 
occurs and diagonal cracks 
may be expected. 

While the action of the inter- 
nal shearing stresses are some- 
what complicated, the following 
plan may be adopted. 

Find the unit shear at the 
edge of the column, dividing the 
loading tributary to the area of 
the footing outside of the col- 
umn by the moment arm jd 
(which may be taken at 27 X 
0.87) times the circumference 
4 X 40 in. and we have 
. - S-5) _ 

^ 4 X 40 X 27 X 0.87 

lb. per sep in. Assuming that 
one-third of it is taken by con- 
crete, 66 lb. per sq. in, must be 
provided for by steel. 

Next find by trial the cir- 
cumference where the unit 
shear is 40 lb. per sq. in.,’ the 
amount which may be safely 
resisted by concrete, so that the 
shear to be provided for by 
the steel is zero. In this case this circumference has been found by trial 
to be distant 39 in. from the center of column, and is shown on the dia- 
gram by dot and dash line. 

Now multiply the horizontal area enclosed between the circumference of the 
column and this newly found circumference by half of the previously deter- 
mined unit shear to be taken by the steel (66 lb.) and obtain the total amount 
of shear to be taken by the stirrups, Select the diameter of stirrups in accord- 
ance with the discussion on page 453, divide the amount of shear by the area 
of one stirrup and by the unit tensile strength and obtain the number of stir- 
rups. In this case the area requiring stirrups is 78* — 28* = 5300 sq. in.'', and 
the total amount of shear to be provided for, V- X 5300 «« 174 900 lb. If 
inch square stirrups are selected (area 0.25 sq. in.) with a unit tensile strength, 
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£ < 1 * . 174 900 I 

7, «• lo 000 ID. per sq. in., — 44 stirrups in all, or ii .stirrups 

10000 X 0.25 

each side are necessary. Their spacing is evident from the drawing. 

Bond Stress. The bond stres.ses must also receive attention. It will 
often be necessary to increase the depth of the footing or the amount of I'ods 
to provide for the excessive bond si -css. The discus.sion, page 456, and 
formulas given there find here a direct application. Reference may be made 
also to the similar treatment in the design of a retaining wall footing, page 670. 

Combined Footings. Sometimes it is necessary to ctinnect tlic footings 
of two or more columns. The design of such combined footing differs 
from that of a single one. When the loads carried by the columns are dif- 
ferent, the footing to distribute the loading uniformly should have the shape 
of a trapezoid. The following example will illustrate method of figuring: 


Example. Let P, and be rc.S|>ective loadings of colums I and II, 30 and 
24 inches square; P, = 400000 lb., P.^ — 580000 lb. The distance between 
centers of columns is 15 ft. and the allowable unit ])rcsvsure on the soil is 4 
tons, 8000 lb., per square ft. Find the dimensions of footing. (See Fig. 205.) 
Solution. The tc)tal superimposed load is q 80 000 lb., then the ncce.ssary 
()8o 000 

area of footing, =12^ .sq. ft. The magnilude of the parallel sides 

8000 

is unknown, and two equations are necessary for the cletermi nation. First 
equation may be obtained from the formula that the area of tra])ezoid e(ji4als 
the average of the sum of the parallel sides inullii)lied by its length. Tl^e 
length of the trapezoid is J 5 f- 1.75 h 1.50 ^ 1 8.25 ft., and the area = t 23 

X 18.25. Hence a b — 13 5 ft. The second equation may bo found 
2 

from the requirement, that the center i»f gravity of the trapezoid coincide 
with the center of gravity of the combined column loading. The distanct 
from A of the center of gravity of column loadings (), found by taking moments 
of loads, is 6.1 ft. and I — 6.1 4- 1.75 = 7-85. Using the common eejuation 

r8 25 a f 2/; 

for the center of gravity in a trapezoid gives / ^ 7.85 . — 

3 £1 + 0 

Solving the two equations for a and 6, a = g.f) ft., b = 3.(; ft. 

To facilitate the finding of bending moments, the length r)f b, the width of 
the footing on the center of gravity line, may be com])Utcd from the relation 

aba and the length f,, from the common formula for the distance 


7.15 ft. Z,, = 3.74 ft. and 


18.25 785 

of the center of gravity 6, 

4 . 1 1 ft. 

Assuming the maximum moment* at center of gravity, ^V/ 

/ 9 - 6 + 7 .i 5 ^^g^^g 000 X 4. II X 12^ = 16 550 000 in. lb. forthe width 

16 550 000 




7-85 ~ 3-74 “ 
580000 X 6. 1 X 


of beam equal to dj. The moment for one inch of width, M 
193000 in. lb. 


7. 15 X ^2 


4'Maiiinuin moment is actually at section of zero shear but the error is inappreciable. 
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Pot tension in steel, =» 16000, compression in concrete, fc — 6«5o, ratio 
of steel, p 0.0077, and C 0.096 (see p. 421) then depth to steeh d ** 
p.096\/i93ooo = 42.2 in. As A, - 42.2 X 12 X 0.0077 X 7.15 27.9 sq. 
in. for the whole width, 18, inch deformed bars will be used. 

'10 prevent bending of the projections of the footing, transverse reinforce- 
ment will be introduced. The projections are assumed to act as cantilevers, 
loaded by half of the column loading multiplied by a ratio of the dilTerence 
between the width of the footing, a, and the diameter of the column to the 



ol PLAN 



Fig. 205. — Combined footing. {See p, 647). 


width of footing, or 


9 6 ~ 2.5 
9.6 


The moment arm equals half of the length 


of the projection, and the moment, M 


580000 ^ 9.6 ~ 2.5 3,5s _ 

— ^ . " - X X 12 

■ 4 - , 2 9.62 

4 570 000 in. lb. 

J^i;Assuming a width of the distributing beam equal to 4 ft., the depth will be 

d « 0.096-^157^^5 *. 39^6 in. The depth is smaller than the depth of 
^4x12 ^ * 

the whole slab. Since a larger depth is used, the percent^e of steel 
be found as follows; 
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^ 4570000 


. IJ7 from formula (1) (p. 418) and p ^ 0.0033 frotn ■ 

table on page 520; -d,- 42.2 X 4SX 0.0038 =«» 7.70 sq. in., hence 13} in. 
■square bars will be used. 

Note. — ^The required depth of the distributing beam may be sometimes 
lai^ger than the depth of the whole slab. In such case the footing may be 
either thickened under the column or steel introduced at the top and bot- 
tom, The latter .scheme should be adopted only when tidditional excava- 
tion for the beam cannot be made readily. 

In a similar way the distributing reinforcemtiic for column II is found. 

555000 in. lb. Assume a width 


U ^ 400000 ^^ 3-9 - 2 

2 3 .g 


o-OS 

X - - X 12 

2 


^f imaginary beam equal to 3 ft., then d =0.096 


555 000 


As 


\ 36 

'arger depth is used, the percentage of steel will be found as in previous case. 
^ — M2. 2^ X 36 

» ccc 


.334. For this value of C less than o. 1% of steel 


555000 

is needed, and will be taken arbitrarily. 


SPREAD FOOTINGS 


When the allowable j)rcs.sure on the soil is very .small or when the build- 
ing is supported by piles sustained by friction, it may he necessary to spread 
the foundation over the whole area of the building, either using a thick mass 
of plain concrete or a thinner slab of reinforced concrete design as a flat 
plate, or a beam and slab system. 

Flat Slab Foundations. A flat slab may be dc.signed by the method of 
flat plates explained on j)age.s 483 to 487. The slab is considered as an 
inverted flat plate loaded by the reaction of the ground and supported by 
the columns. 

Special provision should be made in the design where there is unequal 
loading. 

Since the distributed pressure acts upward, the bottom of the plate under 
the columns is in tension and the top of the plate between the columns; 
hence the steel must be in the bottom of the .slab under the columns, and 
should be bent up to the top of the slab between columns. The column 
base must be large enough to prevent excess loading or too great moments 
and shears in the concrete. 

Beam and Slab Foundation. For combination of beams and slabs the 
principles of floor design are followed except that the distributed load acts 
upward. The beams or ribs may be built either above or below the slab, 
the former method permitting a T-beam design, but, on the other hand, 
requiring an extra fill and separate floor surface in the basement. The 
forinulas'^md discussion relating to floor design in Chapter XXI apply. 
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FOUNDATION BOLTS 

It is often difficult to locate bolts in concrete with sufficient exactness for 
setting a machine. To obviate this difficulty, the head of the bolt should 
be provided with a large washer* to give a good bearing surface, the bolt 
placed in its approximate position, with washer down, and an iron pipe or 
a light wooden box placed around tlie bolt resting upon the washer. When 
the machine is set, to prevent the bolt from rusting, the iron tiffie or box 
should be filled with mortar. In any case the tube or box should be filled 
with sand before the machine is poured up with sulphur or cement grout, 
in order to keep these materials from running down the bolt holes. 

CONCRETE PILES 

Concrete piles may be employed in place of wood where the loading is 
excessive, and where the durability of timber piles is questioned either 
because of probable worm action or the rotting of the timber. If the bearing 
is frictional and the piles are driven through ground which is continually 
wx't, there is usually no advantage in concrete over timber piles unless in 
certain instances where the low level of the ground water or the tide water 
is so far beneath the structure that the concrete piles permit the commence- 
ment of the foundation at a considerably higher level and thus save excava- 
tion and mater: al. 

Concrete piles are formed (i) in place, or (2) are molded above ground 
and driven with a pile driver. 

Various methods have been suggested for forming the hole into which 
the concrete is to be placed. One of the patented processes consists in 
driving a double shell of metal into the ground, removing the inner one, 
and leaving the outer to form a mold for the concrete. The two shells 
and pile driver are shown in Fig. 207, page 652. The inner shell or pile 
core, which is of heavy 'sheet steel and constructed so that it can be made 
to collapse for removal from the ground, is placed wdthin the other thinner 
shell, and driven like an ordinary pile. The core is then collapsed and 
withdrawn, leaving the outer shell, which is closed at the bottom, to be 
filled with concrete. By providing considerable taper, additional support 
is obtained from the soil. 

* The washers, which arc used for transmitting the pressure of large bolts to the concrete of other 
foundations, should be carefully designed with heavy ribs so as to transmit a uniform pressure per 
square inch of area. Neither wrought nor cast iron plates should be used for washers under large 
bolts. y 
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Another system, illustrated in Fig. 
206, consists in driving a single shell 
with either a concrete or a steel 
point, then slowly withdrawing it, 
and filling the space which it occu- 
pied with concrete whose surface is 
kept far enough above the lower 
end of the tube to maintain the 
head necessary to resist the pressure 
of the ground. 

In still another method, which is 
es|>ecially adapted for under j)inning, 
the tube is washed down with a 
water jet to firm strata, and the 
bottom of the excavation is enlarged 
by an expanding arrangement to 
form a base, as shown in Fig. 20S. 

Piles made in situ may be rein- 
forced if desired. 

Oast Piles. Reinforced piles 
which are formed above ground arc 
designed like columns with vertical 
reinforcement connected at inter- 
vals with horizontal wire rods. 

The ])ile* used in a foundation 
for the Boston Woven Hose & Rub- 
ber Company, Cambridge, Mass., 
is illustrated in Fig. 209. These 
jak^s averaged abcnit 30 feet long. 
The hammer weighed 4700 pounds 
and the blows were cushioned by a 
head consisting of a plate iron collar 
1 6 inches square on the inside and 3 
feet in height, which incased an oak 
block 16 by 16 by 18 inches, to the 
bottom of which six thicknesses of 
rope and four layers of rubber belt- 
ing were nailed. The piles were 

* For full description of piles and driving 
see ‘*Cast Reinforced Concrete Piles,” by 
Sanford E. Thompson and Benjamin Fox, 
Journal Association of Engineering Societies, 
Vol.XLn, 1909. 



Fig. 206. — Concrete Files. (jSee p, 6$ i ,) 




Ftg. 20^, — Cores for Concrete Piles. (,See p.650.) 
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driven at the. age of thirty to forty days. The usual drop was 3 feet, 
but in some cases this Was increased to 10 feet without injuring the pile. 

The designs drawn up in 1903 for the Pennsylvania Railroad Tunnel* 
under the Hudson River call for a shell of cast iron surrounded by con- 
crete and supported at intervals by st^l screw piles filled with concrete. 

Sheet Piling. Poling boards of concrete 
were employed by Mr. Howard A. Carson, 
Chief Engineer in the construction of the 
approaches to the East Boston Tunnel. 
These are describedf as follows: 

The excavation was through gravel and 
clay, and through sand containing some 
water. Trenches 16 feet long and 16 feet 
apart were dug to about the level of the 
bottom of the building foundation. Below 
the foundation one-half of each trench, or 
8 feet in length, was carried down to grade. 
The bank below the foundation was held 
in place by means of concrete slabs used 
as sheet piling, as illustrated in Fig. 21A 
These slabs were from 6 to 8 feet long, 
6 inches wide, and 2 inches thuk, and each 
was reinforced with six square steel rods 
running the entire lengthy of the slab and 
shown in Fig. 211. If wooden sheeting 
had been used, it would have been neces- 
sary either to have concreted directly 
against it and left it in place, or to have pulled the planks as the con- 
crete was filled in. If the first method had been used, the planks would 
in time have become rotten, leaving a vacant space. If the planks had 
been pulled, there would have been danger that some of the earth under 
the building would run and a settlement of the building follow. In 
order to guard against any slight voids which might have been left in 
driving, grout was poured in behind the sheeting. This sheeting served 
not only to hold the bank in place, but was used, in place of a back 
wall, to waterproof against. The sheeting was not disturbed, and the 
wall of the Tunnel was built directly against it. 

*Engineermg News, Oct. 15, I904r p. 331. 

tNinth Annual Report, Boston Transit Commission, p. 41. 



Fu; 208. — Concrete Pile with 
Enlarged Footing. {See p, 

651) 
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BRIDGE PIERS 

Coiicretcr is employed for bridge piers either 
IS filling for ashlar or cut masonry or for the 
entire pier. In the latter case, in which the 
face is also of concrete, the chief question is 
as to its ability to withstand the wear of the 
water, the ice, and floating debris. Mr. Martin 
Murphy* stated as early as 1893 that concrete 
was generally adopted in Nova Scotia, and with 
successful results, for abutments and piers “in 
the most exposed positions, in the midst of 
strong currents, without any external pro- 
tection, where exposed to heavy ice floes, to 
blows from timber rafts, and, in many instances, 
to undermining by scour.” In Nova Scotia it 
is the common practise to construct the body 
of the pier of rubble concrete with a 6 to 9-inch 
facing of richer concrete. In answer to in- 
quiries, Mr. Murphy wrote the authors in 1904: 
“The concrete piers erected in this Province 
for the last eighteen or twenty years have with- 
stood the action of the weather, and fulfilled 
all that was claimed for them in my paper^ 
read before the International Congress in 1893. 
The erection of. such piers and abutments is 
now in almost universal application in Canada.” 

In the Kansas City flood of 1903, the piers 
of solid concrete, although located where they 
were struck by all the heavy de])ris which 
totally destroyed many of the stone masonry 
structures of the same size, remained practi- 
cally uninjured. 

In 1900 a Committee of the Association of 
Railway Superintendents of Bridges and Build- 
ingsf made the following inquiry: “For what 
classes of structures do you use Portland ce- 

♦Bridge Substructure and Foundations in Nova Scotia, 
Tra nsactions American Society of Civil Engineers, Vol. 
XXDC, p. 620. 



Pig. 209. — Piles used at 
Cambridge, Mass. {Se9 
f , 651.) 
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ment concrete?” Out of thirty-three replies received, seventeen were in 
favor of employing this material for both the foundation and neat work of 
bridges, piers, and abutments. 

Plastering of concrete piers and abutments should be prohibited. If a 
mortar surface is required, an excellent facing, to be placed next to the 
form as the concrete is laid, is a mixture of one part cement to 2J parts 
hard broken stone screenings i inch in size and under. Ordinarily, how- 
ever, no surface finish is required unless superficial treatment is given for 
the sake of appearance. (See p. 288.) 



Fig. 210. - Concrete Sheet Piling in Approaches to East Boston Tunnel. (See p, 

653.) 

Pier Design. Most railroads are substituting concrete for ashlar 
masonry in bridge piers. 

The standard pier of the N. Y. Central R. R., adapted to any height up 
to 40 feet, is shown in Fig. 212, page 657.* The width, which depends 
upon the length of span, is as follows: 


^Arranged from original drawing, for which the authors are indebted to Mr. Wilgus. 
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Spans up to 40 feet width, A, » 4 ft. o in. 

Spans 40 to 60 feet width, A, « 4 ft. 6 in. 

Spans 60 to 80 feet width, A, « 5 ft. o in. 

Spans 80 to 100 feet width, A, ~ 5 ft. 6 in. 

Spans 100 to 125 feet width, A, == 6 ft. o in. 

Spans 125 to 150 feet width, A, 6 ft. 6 in. 

Spans 150 to 200 feet width. A, = 7 ft. o in. 

Spans 200 to 250 feet width. A, =* 7 ft. 6 in. 

For skew crossings, increase width. A, if necessary. 


T 

.1 

I 

I 


HORIZONTA.i 

SEOTION 


Foundation is varied to suit local conditions. Concrete 1:3:6 is em- 
ployed for it unless stone masonry is cheaper. The starkweather is carried 
2 feet above high water, and its cap is of 1.1:2 concrete. 

The coping of the pier is reinforced with galvanized wire net- 
ting or wire cloth, a somewhat unusual re(|uiremcnt. 

The Illinois Central R. R , in their 1904 design, reinforce 
the surface of piers with vertical and horizontal steel rods, and 
imbed a single I-beam in the pointed nose at each end of the 
pier.* 

The Chicago, Milwaukee & St Paul Railway Company takes 
the extra precaution to strengthen the noses or starlings of its 
concrete piers only at points where there is considerable ice and 
drift wood, t They build a 7 inch street car rail into the nose of 
the pier, with the head projecting slightly from the concrete. 

Other roads also show no reinforcement in their standard de- 
sign. 

It would appear that reinforcement is probably unnecessary 
except in situations where the piers are subjected to unusual 
impact. 

AH of the roads named above have piers in streams which 
subject them to considerable wear from ice and drift, and the 
concrete has proved satisfactory. 

FOUNDATIONS UNDER WATER 




ELEVATION 

FIG.211, - 
Sheet Pil- 
ing (6w 
/>- 053 ») 


The best and most durable concrete foundations, especially 
in work in sea water, are laid within cofferdams from which the water 
has been pumped, or in pneumatic caissons. However, because of the 


4iF!rom drawing kindly furnished by H. W. Parkhurtt, Engineer. 
^Authority of C. F. Loweth, Engineer. 
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difficulty and expense of these methods, they cannot usually be followed. If 
the bottom is prepared by dredging, and, if necessary, driving piles, good 
practise permits the use of a single line of sheeting, suitably supported with 
rangers, to prevent the wash of the water and keep the concrete from 
spreading.* Permanent metal cylinders are sometimes sunk in place of 
the sheeting. 

Methods of laying concrete under water are described in Chapter XV, 
page 301, and the effect of sea water upon concrete is discussed by Mr. 
R. Feret in Chapter XVI. 


BASE OP RAIL 




♦Sec Foundations for New Cambridge Bndge, Boston, by Sanford E. Thompson, Engineering 
WewSf Oct. ly, 1901, p. aSv 



6s8 


A TREATISE ON CONCRETE 


For under-water work, a larger factor of safety should be employed than 
for work above ground, the concrete should be slightly richer in carefully 
selected cement, and the aggregate so proportioned as to give a dense and 
impervious mixture. 

Concrete for the foundations of walls and piers for high office buildings 
is usually laid in oblong or circular caissons of steel or wood,* after exca- 
vating under air pressure. Steel pipes are sometimes sunk with the aid of 
the water jet, and afterwards filled with concrete.f 

^Enginsering Ntws^ Sept. i6, 1901, p, 222. 

f Jules Breuchaud, Transactions Amj'rican Society of Civil Engineers, Vcl. ^XVII, p. 
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CHAPTER XXVI 

DAMS AND RETAINING WALLS 

For walls to resist the pressure of earth or water, concrete frequently 
possesses marked advantages over other classes of masonry. With proper 
management, in most localities its cost may be brought below that of rubble 
masonry. Its adaptability for thin walls and for certain classes of face 
work often make it a suitable substitute in complicated designs for first- 
class masonry, with a consequent large saving in cost. In combination 
with steel its possibilities for special designs are almost unlimited, and the 
future will see marvelous advances in its use for ordinary engineering and 
hydraulic construction. 

Water-tightness, often an essential element for this class of structures, has 
received general treatment in Chapter XIX, page 338. Portland cement 
concrete may be made water-tight more readily than stone masonry laid in 
mortar of similar proportions to the cement and sand in the concrete, since 
large voids or stone pockets in the concrete are more easily [)re vented than 
the rat-holes” so frequenfly found in the l)edding of stones in mortar. 
Moreover, skill in laying combined with special treatment of the surface or 
the addition of certain ingredients permits construction in concrete — 
strengthened with steel reinforcement — of thinner walls for resisting the 
flow of water than is possible in stone masonry. 

Reinforced concrete retaining walls cannot be designed by “rule of thumb,” 
and therefore a careful consideration of the forces acting and of the stresses 
in the concrete is presented in this chapter. Since the earth pressure is the 
controlling factor, it has been necessary to introduce a practical discussion 
of this before taking up the details of the design and examples of the two 
principal types 

RETAINING WALLS 

Retaining walls to support the pressure of earth may be designed: 

(1) of gravity section with plain concrete or stone masonry; 

(2) of thin reinforced concrete section of the inverted T type with 

spreading base or footing; 

(3) of thin section, reinforced and supported by buttresses or counter- 

forts. 

Another plan sometimes adapted to cellar wall construction (see p. 619) . 
consists in embedding the base and supporting the top of the wall with tim- 
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ber, steel or reinforced concrete beams, so that the concrete forms a vertical 
slab supported at top and bottom. 

Reinforced concrete retaining walls are almost always more economical 
than a gravity section of either plain concrete or masonry. In walls of 
gravity section the materials cannot be fully utilized because the section 
must be made heavy enough to prevent overturning by its own weight, 
counterforts or buttresses being of comparatively little advantage because, 
in stone masonry, the wal| is liable to break away from them. In reinforced 
concrete retaining walls, on the other hand, a part of the sustained material 
is used to prevent overturning, and the section need be made only strong 
enough to withstand the moments and shears due to the earth pressure. 
Since the wall is lighter, exerts smaller pressure on the soil, and may be 
made if necessary with a very broad base, the special foundations or piling 
which are often necessary for a gravity wall frequently may be avoided. 
Reinforced concrete properly designed can be depended upon as absolutely 
reliable. 

The economy of a reinforced concrete wall over one of gravity section for 
either stone masonry or plain concrete is obvious because of the saving in 
material. The cost of forms is practically the same for gravity section and 
reinforced designs. 

Whether the T-section of reinforced wall or the wall with counterforts 
is the more economical depends upon certain conditions. The princij^al 
condition is the height of the wall, but the intensity of the earth pressure and 
the relative cost of concrete and steel and forms also enter into the considera- 
tion. The construction of the T-section is simpler and the placing of steel 
easier, so that it is preferable where skilled labor is scarce. The form con- 
struction in the counterforted wall is considerably more expensive. Com- 
parative studies of the two tyi)es indicate that the counterfort type is scarcely 
ever economical when the height is less than i8 feet. Rules for designing 
walls of gravity section are first given and then, after the discussion of earth 
pressure, the designs of both aT-type and a counterforted section are treated. 

FOUNDATIONS 

A firm foundation is essential whatever the type of the design. Piles 
may be necessary, or to avoid sliding, a stepped base may be required. 
Unequal settling is more dangerous for a retaining wall than for many 
other structures, because if it is thrown out of plumb, the earth will move 
and produce forces much in excess of the calculated ones. Allowable pres^ 
surea on different soils are referred to on page 640. 
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The depth of foundation must be sufficient to prevent heaviiig of the 
material in front of the wall, and to protect it from frost. A depth of 3 
feet may be given as a minimum, while 4 or 5 feet is necessaiy^ in temperate 
or very cold climates. 

DESIGN OF RETAINING WALLS OF GRAVITY SECTION 

* The thickness of base of a retaining wall of gravity section, that is, one 
in v/hich the earth i)ressure is resisted by the weight of the masonry, is 
generally taken without mathematical calculation as a certain ratio of the 
height •of the wall. An easily remembered rule is to make the base f of the 
height. The table of empirical values adopted by Mr. Trautwine* for 
thickness of base of wall to resist earth pressure under average conditions 
is in accordance with good engineering practice. While he gives no values 
for concrete, they may safely be assumed ec^uivalcnt to those for cut stone 
laid in mortar, which are as given in the following table. The earth is • 
assumed to slope up from the tip of the wall till it reaches a level at the 
height indicated by the ratio in the first column. 


Fhteknesi 0} Retaining Walls 0} Gravity Section with Earth Surcharge 
By John (' Trauiwinl {Step 661) 


Uatiu of 

Height of Earth 
to Height of Wall 

rhickno«<Mof Ha*ie 

1*^ ratio to 
Height of Wall 

K it 10 of 

Hoig it of Earth 
to Height of Wall 

Thickness of Base 
afl ratio to 
Height of Wall. 

I 

1 r 

0 S'? 

0 42 

2 

2 s 

0 58 

0.60 

I 2 

0 46 

3 

0 62 

I 3 

0 49 

4 

0 63 

I 4 

0 51 

6 

0 64 

I S 

0 52 

9 

0 65 

I 6 

0 S4 

14 

0 66 

I 7 

I 8 

0 ss 

0 

25 

or more 

0 68 


The height of the wall is assumed to be measured above the surface o» 
the ground in front of it. 

The batter of the face of a retaining wall is customarily limited to ij ^ 
inches to the foot, and the back is usually vertical. This fixes the width 
on top. 

The values in the table may be employed for long walls of concrete with 
no reinforcement. In many cases, because of the monolithic character 
of concrete, a ratio of thickness to height from 10% to 20% less may be 
adopted with safety, if the character of the filling back of the wall precludes 

♦ Trautwine's "Cjvil Engineer’s Pocket-Book”, 1901, p. 606. 
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excessive pressure, and if the base is slightly spread. For more accurate 
determinations of gravity sections, the principles which follow relating to 
reinforced designs are applicable. 

^/ilngle of Internal Friction. The selection of the angle of internal friction 
is of much importance as it affects largely the magnitude of the earth pres- 
sure. For ordinary cases the values given on page 665 may be used, but 
for very important structures, where the additional cosTTs* warranted, special 
experiments may be advisable. 

WEIGHT OF EARTH 

In the calculation of retaining walls, and many other structures, the weight 
of earth in place is a prime factor. The weights of dry material, based upon 
experiments by the authors, are represented in the following table. Most 
of the figures for weights of earth give the weights per cubic foot after 
excavation in a loose or a compacted condition. In the authors’ experi- 
ments the excavation was measured, so that the weights represent the 
material in place. As fills will eventually assume much the same charac- 
teristics as earth in original excavation, the figures may be employed for 
either natural earth or filled material. The weight of earth containing 
water varies with the character of the material and with the conditions. 
Gravel containing ordinary moisture weighs about 2% more than dry gravel 
and sand may weigh from 3% to 10% more, depending upon its fineness, 
since fine sands absorb the most water. Wet muck weighs about 75 lb. 
per cubic foot. These j^ercentages assume that the bank is provided with 
natural drainage; if the earth is literally filled with water which cannot run 
oil, its weight will be increased by a quantity of water nearly equal in volume 
to the voids in the material, which vary with the character of the material 
from 20% to 50% of the bulk of the earth in the bank. 

Many of the values appear high, but they are the result of careful tests. 

Average Weight of Ordinary Earth before Excavation. 

Pounds per cu. ft. 


Sand 105 

Gravel 135 

Gravelly clay 130 

Loam 90 

Hard pan 130 

Dry muck 40 


BACKING 

Since the weight of soil saturated with water is much larger than when 
it is dry, the pressure increasing with the amount of water so that it may even 



DAMS AND RETAINING WALLS 663 

exceed the hydrostatic pressure, the backing should be provided with ade- 
quate drainage. For this, a filling of gravel or crushed stone may be placed 
directly against the wall with weep holes at suitable distances apart. 


EARTH PRESSURE 

The principal force governing the dimensions of any retaining wall is the 
earth pressure. Its magnitude varies largely with the character and wet- 
n(;.ss of the soil, the inclination of the back of the wall, and the slope of earth 
above it. 

Of the numerous theories, all of which are based on some assumptions not 
always met with in practice, Rankine’s theory seems to be the most reliable 
yet developed, and although it does not always represent the true conditions, 
it gives safe results. It is based upon the assumptions that the earth is com- 
posed of granular homogeneous particles without cohesion, held only by 
friction developed between them, and that the mass of earth extends 
indefinitely. On a vertical plane the rgsultant pressure always acts parallel 
to the slope of the earth and at a point one-third of the height from the base, 
when the surface of the earth is level with the top of the wall or slopes back 
from it. 

The following table of pressures determined by Rankine^s formula gives 
horizontal earth pressures for different heights of wall, based on an angle 
of repose of earth of 35° — a fair assumption under average conditions — 
and also average unit pressures for the same assumptions. For other 
heights of wall, the horizontal unit pressures with the same angle of repose 
are directly proportional to the heights, and the total pressures arc propor- 
tional to the squares of the height. 

Total Earth Pressure and Average Unit Pressure upon Vertical Walls of Dif- 
ferent Heights {See p. 663.) 


Height of Wat.l in Feet. 


Total pressure 

P, in lb 

5 

10 

1 

15 

20 

! 

25 

: 

1 

35 

40 

350 

1400 

3150 

5600 

00 

0 

12600 

17150 

22400 

Average unit 
pressure in 
lb. per sq. ft 

70 

140 

210 

280 

350 

420 

490 

560 
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The table assumes horizontal surface of earth, (&) vertical back of 
wall, {c) weight of earth per cubic foot, 100 pounds, (d) angle of repose, 
35®. For other weights of earth the values in the table are proportional to 
the weight per cubic foot. 

Passive pressure, that is, the resistance of a mass of earth against mov- 
ing, is many times as great as the active pressure but because of the shrink- 
age of tilling as ordinarily placed it cannot be counted on for its full value 
unless the earth is in its natural state 

The general formulas evolved b) Mr Rankine from the assumptions 
given above and which apply both to gravity walls and to reinforced walls, 
are presented below. 

Wall with Vertical Back. Let 


P = resultant earth pressure in pounds on a vertical surface for a length 
of wall equal to one foot 
H «= total height of wall in feel 
/fi depth below top of wall of any point in feet. 
h « height of surcharge in feet 
w = weight of earth per cubic foot 
d — angle of inclination of earth behind the wall ^ 
if = angle of internal friction of the earth 
Cp ~ constant depending upon d and <p (See table on page 665 ) 

Then* 


P « i wH- cos ^ 


cos d — 
cos d + 


l/ cos* d — c OS-* (f 
V cos* d — COS^ iP 


(i) 


For known values of the angle of inclination and internal friction, the 
terms embracing them become constant and 

P - C p wTP (2) 

The intensity of pressure at any point the depth of which is 11 is 

Unit pressure — 2 CpWJf^ (3) 

and its direction is parallel to the direction of the total ])ressure * 


♦ For walls with horizontal filling, 5 — o, htnee 


P wH 


I sm ^ 
i+sm ^ 


(4) 


Unit pressure at any depth, H\ is wH, * and acts horizontally. 

^ I -f sin ^ 

If angle of slope equals angle of internal friction, i e , if d — 

P ^ \ uiH-cosd and Unit pressure is toH^ cos B ($) 

Formula! (») and ( 3 ), however, apply to these cases by using the proper value of Cp given in the 
tabler 
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^he values of the constant Cp ate ^ven in the taBle below. 

Data for Determtning the Earfft Pressure, 

Rule: To find the earth pressure on a vertical wall without surcharge, H 
ft high, multiply the proper value of Cp by the square of H in feet and by 
the weight of the tillmg per cu ft P -« Cp wW (see p 664 ) For formulas 
for iiichned walls and walls with surcharge, see pp 665 and 666 


*3 


VALVIS OJi* COVSTANr Cp t\ HANKINE*B FORMDLC ( 2 ) f 

664 


M 

W*0- 



Slope With hoiisontal 




is 





— 



— 

I to I 

I to li 

I to 2 

1 to 2i 

I to 3 

1 to 4 

Level 1 


as 

0 

z 



Corresponding angle of blopc 3 



-< 

45 “ 

0 

26® 30' 

21® so' 

iS® ^o' 

14® 0' 

0 

ID 

SS® 1 

1 0 09 

0 07 

0 06 

0 06 

0 05 

0 0^ 

0 05 

0 29 

?o® 1 

0 15 

0 09 

0 08 

0 07 

0 07 

0 07 

0 07 

0 32 

j 


0 13 

oil 

0 10 

0 09 

0 09 

0 09 

0 35 

40® 1 


0 18 

0 14 

0 13 

0 12 

0 12 

0 II 

0 38 

35 ° i 


0 39 

0 19 

0 17 

0 16 

0 

0 14 

0 41 

30® ! 



0 27 

0 22 

0 20 

0 18 

0 17 

0 43 

25 “ 




0 30 

0 26 

0 23 

0 20 

0 45 

20® 



1 


0 36 

0 29 

0 2$ 

0 47 


Note If the angle of internal friction of the earth is unkno^\n, the fol- 
lowing average values may be used C oal, shingle and broken stone, 50®, 
earth, 35®, clay, 30®, sand dry 30® sand moist 35®, sand wet, 


As stated above, the pressure is assumed to act 
parallel to the slope of the surface of the earth, 
and for walls without surcharge acts at one third 
of the height of the wall from the base The 
maximum unit pressure is at the base, and is equal 
to twice the average, while the mimmum at the 
top equals zero, so that the variation of the unit 
pressures may be represented by a triangle 
Wall with Inclined Back. 1 he earth pressure, 
R^ on an inclined plane ah (Fig. 213) is the re- 
sultant of P, the horizontal pressure on the vertical 
plane oc, and W, the weight of the prism of earth 
ahCf and acts at one-third the height from the 
bottom 


b c 



Fig 213. — ^Earth ^Pres- 
sure on Inclined Back 
of a Wall (See fie 665 ) 
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Surcharge. When the earth behind the wall is loaded in any way, for 
example, when a highway or a railway track runs along the wall, or when 
the embankment is used as a storage for material — then this loading causes 
additional pressure on the wall, which may be provided for by replacing 
the load by an equivalent surcharge of earth. The height of this surcharge, 
hy is the extra load per square foot divided by the weight of a cubic foot of 
earth. Thus a load of 500 pounds per square foot is equivalent to a sur- 
charge of 5 feet if the earth weighs 100 pounds per cubic foot. 

Vertical Back of Wall with Surcharge. The earth i)ressure on a retain- 
ing wall with surcliarge equals the pres- 



sure on the surface ah less the pressure on 
hd. Using a constant from the table, page 
665, 

P = wIP Cp - wIP Cp = 

Tt. [IP Cp (6) 

and this may be represented by the trape- 
zoid aced (see Fig. 214). The distance of 
the point of application of this force from 
below the middle point in the height of the 
wall, 


(// - 
~{h + h) 


Fig. 214. — Earth Pressure on Wall with Inclined Back with Sur- 
Vertical Back of Wall with charge. For an inclined back, the pres- 
Surcharge. {See p. 666,) ^g inclined 

back without surcharge, is the resultant 
of P, the pressure on the vertical {)rojection of the wall found by formula 
(2) and Wj the weight of the prism of earth one foot of length, the cross- 
section of which is a traj)ezoid. Equation (7) gives the vertical distance 
of the point of application of the resultant below the middle point in the 
height of the wall. 


DESIGN OF REINFORCED RETAINING WALLS 

A properly designed retaining wall, whether of reinforced concrete or of 
plain masonry, must fulfil the following conditions: It must be stable (i) 
against overturning, (2) against sliding, (3) against settling, (4) against 
crushing or overstressing of the material. 
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To prevent failure by overturning, the moment of downward forces about 
the outer edge of the base, W2 h, must be greater than that of 

the overturning moment, = Pl^ (see Fig. 215). The ratio of those two 
M 

moments, — \ is called the factor of safety. For reinforced concrete v/alls, 
M2 

the factor of 1.5 to 2 may be considered as ample, because the stability 
of wall is increased by the resistance of earth to shear along the line ah^ 
Kg. 215, and the passive pressure of the filling in front of the wall, which 
two items are not considered in figuring the factor of safety. 

The horizontal component of the resultant pressure on the foundation 
causes the tendency of the wall to 
slide. This force is opposed by 
the resistance to comf)ression of 
the earth on the plane dc (see Fig. 

215) and by the friction F. The 
friction is equal to the vertical 
pressure multiplied by the tangent 
of friction between concrete and 
earth, or, if 

F == total friction, 

IFj "b W2 ~ weight of concrete 
and earth, 

([f — angle of friction between 
earth and concrete 

Then 

F = (fFi + tan ^ 

If the wall slides, the cohesion of the earth along the line ah (Fig. 215) must 
be destroyed, which item increases the stability against sliding. The tan- 
gent of the inclination of the resultant pressure, that is, the ratio of its hori- 
zontal to vertical component, should not be larger than the tangent of the 
angle of friction. 

Sometimes a vertical projection of the base may be needed, which may 
be placed in the middle of the base or at cither end. 

Having determined the earth pressure as explained in preceding pages, 
the design of a reinforced concrete retaining wall resolves itself primarily 
into the determination of the thickness and reinforcement of concrete slabs 
to be obtained by the principles outlined in Chapter XXI on Reinforced 
Concrete Design. The methods to follow can be illustrated best by prac- 
tical examples, which are given in full below. 



Fig. 215. — Forces Acting upon a Retain- 
ing Wall and their Moment Arms. 
{See p. 667.) 
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A retaining wall is especially subject to temperature stresses. To locate 
the^tresses at specially prepared joints, contraction joints may be placed at 
* stated intervals. In an unreinforced wall, a spacing of 20 to 30 feet between 
joints is necessary to prevent intermediate cracks. By introducing steel 
to prevent the formation of visible cracks, no joints are necessary. Steel 
reinforcement.for shrinkage and temperature contraction is treated on page 
499. 

EXAMPLE OF T-SHAPED RETAINING WALL 

Example i. Design a retaining wall 12 ft. high above ground to support 
a sand filling. Angle of internal friction of sand, which weighs 100 lb. per 
cu. ft. -is 35®, and the fill slopes back at the same angle. Working stresses* 
for the I : 2j : $ concrete in compression, /c 500 lb per sq. in.; steel in 
tension, ** 16 000 lb. per sq. in.; ratio of moduli of elasticity, n — 15; 
allowable shear involving diagonal tension, v » 32 lb. per sq. in ; bond of 
steel to concrete, m » So lb. per sq. in. 

Solution. If base is imbedded 4 ft to protect from frost, and if the footing 
is assumed 18 inches thick, total height of wall is 16 ft and height of stem 
14 f*. 6 in. The design is shown in Fig 216, page 66g. 

Upright Slab. Earth pressure on stem from formula (2), page 664, 
taking value of Cp from the table, P, «= 041 X 100 X 14 5* *= 8600 lb. 
This acts at } the height. Horizontal component, = P, cos 35® = 7040 
lb., and since the weight of wall and vertical component of earth pressure 
do not affect the vertical slab, the moment, M « 7040 X§Xi45Xi2 
— 408 000 in lb. 

Thickness of vertical slab at bottom, using formula (9), page 421 , and table 
of constants, page 519, and adding i 7 in to the depth to steel to properly 
imbed it, is d + 1.7— 0.29 X o 118^408000 + 1 .7 «23. 5. Ratio of steel is 
p « 0.005 (t6 correspond to working stresses), hence area of steel is A, **1.31 
sq, in. per foot of length of wall. This is satisfied by } in. round bars placed 
vertically 5.5 in. on centers. (See table, p 507 ) The thickness of wall at 
top may be selected as 12 in. The moment decreases from the bottom 
upwards so the steel may be reduced as shown in Fig. 216, page 669 

Since total shear, V 7040 lb., unit shear involving diagonal tension, is 
7040 

P f ,0 lb. per sq. in. (See p. 447.) As this does 

12 X 21,8 X 0.894 ^ 

not exceed working stress, no stirrups are needed 

7040 

Bond stress is « 6o lb. per sq. in. (see 

21 8 X 894 X 2.18 X 3 7S 

P- 4S7)' 

Length of bar to imbed in footing to prevent pulling out is 50 X } « 43-8 
in. (see Table on page 454), hence the vertical bars must extend into the 
base this distance, or. else be provided with bent ends (see page 466). 

* A table of dimensions and reinforcement for T-sbaped and for counterfort retaining walls of 
different heights, compiled hy Sanford £. Thompson, is given in <<Concrete in Railroad Construc- 

tion,'* published by The Atlas Fordand Cement Co, 
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To obtain. thi» botu!» the vertical rods frequently are bent into the right 
cantilever of the footing. If instead they are bent to run into the left canti* 
lever, they may form the horizontal reinforcement there, as shown in Pig.^x6. 

Footing. In a correctly designed wall the resultant force should intersect 
the base within the middle third of its length. This determines the ratio of 
length of footing to height of wall, and can be obtained only by trial for any 
particular case. A study of different conditions shows that this ratio is gen* 



Fig. 216. — Design of T-shaped Retaining Wall. {See p. 669.) 

erally 0.4 to 0.6, depending upon the inclination of earth pressure, the weight 
of the fill, and finally upon the ratio between the length of the projecting toe 
and the total length of the base. The length of base best suited for our ex* 
ample was found after several trials to be 8 ft. g in. 

The forces acting on the fooling are Pj, the earth pressure on the plane db, 
Wv the weight of prism of sand, bcde, and Wj, the weight of the retaining 
wall itself. The distance from the toe to the line of action of the resultant R 
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of W I and W 2 may be obtained as follows : Find center of gravity of earth and 
center of gravity of concrete; multiply the distance from A to these centers 
of gravity by the respective weight, and thus obtain the statical moment. 
Divide the sum of these moments by the sum of the weights, VF, -f and the 
location of the center of gravity of the combined weight is obtained. The ‘ 
line of pressure drawn for P and R intersects the base just inside of the 
middle third. 

Normal component of resultant, N 21 990 lb. and horizontal component, 
// «= 12 900 lb. Hence, ratio — = 0.587, which is smaller than the tangent 

of the angle of friction, hence there is no danger of the wall sliding. 

Maximum unit pres.sure on soil (from formula p. 562) is 5000 lb. 

per vsq. ft., while the minimum equals nearly zero. 

The graphical method of finding the distribution of forces on the base is 
explained on page 586. 

Left Cantilever . Omitting weight of slab and of earth above it as neg- 
ligible, the forces acting on this part of the footing are represented by trap- 
ezoid Total force is ^ -X 2.58 = ii 000 lb. and moment 

2 

arm from the diagram is 1.36 ft.; hence bending moment, M = 11 000 X 
1.36 X 12 = 179 500 in. lb. per ft. of width. 

The minimum depth to steel from formula (i), p. 418, using Table 10, 
page 519, is d =* 14.5 in., and the area of steel, 0.868 sq. in. How- 

ever, this depth may be too small to satisfy the bond stress, which is below 
considered. 

Further, if vertical steel in the vertical wall is all bent and carried into the 
left cantilever of the footing, we should hav’^e 1.30 sq. in. of steel per foot of 
width or J in. round bars spaced 5^ in. cc., which for a dej)th of 14.5 in. gives 
a ratio p « 0.0075, or greater than is necessary. If desired, therefore, a 
part of this steel may be carried only far enough into the footing to prevent 
its pulling otit, or if bond .stress were not excessive, the depth, 5, might be 
reduced below 14 J in. The bond for the suggested depth must be considered. 


Unit bond, u 


-= 140 lb. per sq. in. (see p. 457). 


14.5 X 0.9 X 2.7s X 2.18 
The bond is excessive unless deformed bars of known worth are used, when 
the depth, d, of 14^ in., or to properly protect the steel a total depth of t6 in., 
may be permitted. To decrease the bond stress, for' round bars the depth 
of the cantilever must be increased as follows: Assume the decreased ratio, 
py for the increased section of concrete at p = 0.0045. Then the correspond- 
ing values from Table 12, page $21 y k = .300, j = .900. 


From page 457 u 


■Tvr hence d = 
jdl o ujlo 


Substituting values, 


d 


25.5 in., and total depth 27 in. 


80 X 0.9 X 218 X 2.75 

The depth of beam must be increased to 27 in. in order to decrease thA 
bond stress to 80 lb. per sq. in. 
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Right Cantilever. It is eVident from Fig. 216, page 669, that three 
forces act on the right cantilever: the upward pressure of the soil, the down- 
ward weight of the earth filling, and the vertical component of the ejtrth 
pressure. The resultant of these forces acts downward, hence the moment 
is negative. 

The computations for amount of steel and the shear and bond stresses 
are similar to that for the left cantilever. 

The length of imbedment necessary to prevent slipping is not treated in 
the previous case, so it may be given here in detail. 

Area of concrete, A « 12 X 27 =» 324 sq. in.; area of steel, Ag *=■ 1.07 

1,07 

sq. in. and ratio of steel, p 0.0033. From table 10, p. 519 find 

324 

the corresponding k and /, k ** .‘268. / — .gii. From formula (8), p. 420, 

329 000 

since M « 329000 inch pounds, L = 12 500 pounds. 

27 X .91 X 1.07 

For this stress in steel, the length of imbedment from tfible on page 
454 is 39 X } = 29 in. 

Both cantilevers may be tapered toward the end to a minimum practicable 
depth, since the moments decrease from the support to zero at the end. 

Horizontal Reinforcement for Temperature. Temperature reinforcement 
is treated on page 499. 


EXAMPLE OF RETAINING WALL WITH COUNTERFORTS 


Example 2. Design a reinforced concrete wall with counterforts to support 
a sand filling 20 ft. high above ground, using same assumptions as in Exam- 
ple I, page 668. 

Solution. In this type of wall the vertical slab acts as a slab supported by 
the counterforts, the principal steel being horizontal. The projecting toe 
of the footing is a cantilever and the footing below the earth is a slab sui)ported 
by the counterforts. The counterforts tie the imbedded footing to the ver- 
tical slab and act as cantilevers fixed to the footing. Design is shown in Fig. 
217, p. 672. 

The slabs may be considered as partly continuous, using the moment 




wl^ 


to 


If carefully designed for negative moment M 


— might 
12 


be 


permissible. (See p. 428.) 

Instead of forming a projecting toe as a cantilever, it is sometimes more 
economical when the projection is large to introduce small buttresses and 
construct this part of the footing also as a partly continuous slab. 

The first step in the operation of design is to determine the length of base 
and the relation between the projecting toe and the base by trial, the allow- 
able pressure on the soil and the minimum angle of inclination of the result- 
ant earth pressure being the determining factors. The method is the same 
as for a T-type wall, as outlined on page 670. 
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'Spacing of Counterfortt. The spacing of ’counterforts or ribs may be 
found 6n the basis of minimum material*, from which 8 feet may be adopted. 

yertical Wall. The vertical wall must be considered in narrow horizonr 
tal strips as slabs supported by the counterforts, partly continuous, and 
loaded uniformly. The earth pressure changes with the height, so that the 
pressure upon the different strips decreases from the bottom up. The pressure 
against the bottom strip as given on page 672 is 1480 lb. per sq. ft., or 123 

lb. per ft. of width for i -inch of height. Using Af « ^ , M »: 

10 10 

0500 inch pounds per inch of width. Hence (p. 418) d =» .118 v/^Joo ® u-S 
in.; thickness of wall is thus 13 in., and area of steel, ^ 4 ,=* 0.005' X 11.5 X 12 
** 0.69 sq. in. per ft. of height. Round bars Jin. diameter spaced sJ inches 
on centers may be used . 

For convenience in construction the thickness of the wall may be 
made uniform, and the spacing of rods increased with the decreasing earth 
pressure, as shown on the drawing. The negative bending moment may be 
provided for by introducing short rods in front of buttresses, or by bend- 
ing the rods. (p. 428.) 


♦ For full discussion, sec **The Design of Retaining Walls, by H. A. Pctterson, Engineering 
Record, Vol. LVII, 1908, p. 777; for practical purposes the following demonstration illustrates 
the necessary steps. Use notation page 529, also let x « spaang of buttresses in feet; ^“=thc 
maximum horizontal unit pressure on vertical wall, which occurs at the bottom of the wall. from 
formula (3), page 664,1$ i^o lb. per sq. ft. Taking a strip of the vertical slab one ft. in height, whose 

. , 1480 X X la 

span IS the spacing of the counterforts, the bending moment is then Af ■» — — 1780**; 

the depth to steel, (p. 421), .29 X.118 \,/i78o jc »- 1.43X, and the volume per foot of 

length of wall is X i X 22 ^ cu. ft. Maximum unit weight acting on horizontal footing 

5 12c X 12 X 

slab is 5 325 pounds per sq.ft. Hence ~ .29 X .118 \/ 53*5 ^ ***** 


and volume per foot of length of wall is X i X 8.25 * 1.9X 

The thickness below steel is a constant for any spacing and therefore need not he considered in 
fodag the volume. 

Assume the thickness of counterfort as 16 in., and volume will be— *** 

'2X12 


CU. ft., and for one foot of length of wall, Because of the greater cost, per unit of volume, 


of the counterforts over that of the slab work in a wall of this type, the quantity representing 
the counterfort volume may* be increased by, say, 100%. The expression for this quantity then 

becomes ??Ji X Hence total volume, 0 *• i.6;e + i.q^f + X a 

X X 

or 4.5^ + and 4*5 — ^ minimum, first derivative equals' aero). 



7.3 ft. 


For pfacdcai purposes, say 8 ft. 
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Horizontai FootingSlab. 

This slab may be con- 
sidered as composed of 
narrow strips umfonnly 
loaded and supported by 
the counterforts The ^ 

loading IS the difference 

between the weight of the ' ~ ^ ^ 

earth above it plus the 1 . 

vertical component of 2 T % 

the earth pressure and .ol ^ . 

the upward pressure of S < fT / 

the soil As indicated Si /V a T rooho bar. 

in the drawing, this dif- | \ |\ , 

ference is a maximum .Sj 1 ' 

at a and decreases to- ^1 ^ 

ward b In this case t 1 I A / 

the maximum unit load- c i — j J 

mg IS 5566 - 241*5325 Sgi-. -^Ls aiW. 

lb per sq ft The max- |o 1_ 

imum bending moment m ^ S 

this slab considering it as |2j_ 

partly continuous is Sg ^ 

* ° ir*" “%» h -A — 

- 40 800 m lb Depth “Cl 

of steel. d_^ o 29 X S 

o ii 8V4 o 8 oo = 2I 75in ^ I 6 > 5 0 to o, 

hence thickness may be ^ t r 1 i~rVL P ^ ^ 

taken as 2325 in The 

area of concrete is then ^ | 

261 sq in , hence area of # 1 

steel required is « i 31 / § 

sq m , which is satisfied „ ^ . -nr « 

by }-m bars spaced si -Design of Retaminj; Wall with Coun- 

in on centers The > 

thickness of this founda- 
tion slab may be made uniform, and the spacing of the rods increased as 
the loading decreases 

The negative bending moment must be provided for by introducing at 
the top of the slab, under the counterforts, short rods of equal sue and spac- 
ing to the bottom ones or else these bottom rods must be bent down at each 
counterfort (See p 428 ) 

Counterforts. A counterfort is really an upright 'cantilever beam sup- 
ported by the honzontal foundation slab and carrying as its load the vertical 
slab of the wall, which, in turn, takes the earth pressure The thickness of 
the counterfort, which must be sufficient to insure ngidity and resist unequal 
pressures during construction, may be selected by judgment 


-irlr 


AI . 

IroNQITUOINAL { j 



i 

® Brr sT ^ r 

-l-i IT'in Via 



Fig 217 


5i OTOO. 

a 


-Design of Retaining Wall with Coun- 
terforts (S(t p 671 1 
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To determine the quantity of steel required in the counterfort, we find the 
horizontal component of the earth pressure per foot of wall to be (from for- 
mula (2), p. 664) -41 X 22 X 22 X 100 X .SiQ « 16 200 lb.; hence, the total 
force transmitted to the counterfort, since they are spaced 8 ft., is 8 X 16 200 
« 129 600 lb. The bending moment, sined the force acts at one-third the 

22 

height, is then M = 129 600 X^ X 12 =*11 400 000 in. lb. The thickness 

3 

of the counterfort is taken at 16 in., the depth to steel, =» r i o in. From for- 

mula (i). p. 4 < «. 6' = ^ -L°l = 1 30. By interpolation in the 

\ M \ 400 000 

Table n on page 520 between items 3 and 4, the ratio of steel, p ~ 0.00416 
and area of .steel no X 16 X .00416 -= 7.36 sq. in. Six ij-in. round 
bars will satisfy this. 

The portion of the counterfort receiving the greatest tension is the inclined 
edge, so these bars arc placed near to this surface. Besides these bars, 
horizontal and vertical bars are necessary to tie the vertical and horizontal 
slabs to the counterfort, to transfer the forces and provide for diagonal ten- 
sion. These bars should be bent into the slabs to obtain as good a bond as 
possible. The principal tension bars in the counterforts also must be well 
imbedded in the horizontal foundation slab, and bent so as to attain their 
full strength in tension. The value of hooking is discussed on page 466. 

COPINGS 

A coping may be formed on a concrete retaining wall, which will shed 
water and look nearly as well as cut stone, by sloping the top back from the 
face and treating surfaces by methods dcvScribed on pages 288 to 293.* 

DAMS 

Concrete is a suitable substitute for stone masonry (a) in gravity 
dams, where the masonry is laid in large masses, whenever the cost per 
cubic yard of concrete rubble is cheaper than stone masonry of equal 
quality, and {h) in curtain or arch dams of thin section reinforced with 
steel. 

Concrete of cement, sand, and crushed stone cannot always compete in 
price with rubble masonry laid in cement mortar, because, although the 
labor cost of laying concrete is less, more cement is required per cubic yard; 
but by introducing large stones into the concrete, the percentage of cement 
per cubic yard may be reduced to the same quantity or even less than in 
water-tight rubble masonry. Therefore, the concrete rubble is apt to be 
the cheaper, since the cost of crushing the stone for the concrete is small 

* See illustration of form construction in Engineering News,4july 9, 1903, p. 37. , 
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compared with the difference in expense of employing skilled masons or 
unskilled labor. 

Methods of laying rubble concrete and the calculation of the quantity 
of cement per cubic yard are discussed in Chaiitcr XV, pages 300 and 
298.t As is there stated, the concrete must be Qf soft, mushy consistency 
so that the large stone may be properly imbedded. 

The relative cost of rubble concrete and stone masonry depends upon 
the price of cement at the work and local conditions. The dam at Boonton, 
N. J., a section of which is shown in Fig. 219, p. 676, contains 240,000 
cubic yards of concrete rubble, and was built at a contract price, not 
including the cement, of Si. 98 per cubic yard. Only 0.6 barrels Portland 
cement were used per cubic yard, although the proportions of the concrete 
matrix were i:2j:6i. This small quantity of cement was due to the 
large proportion of stones which averaged from one yard to 2J yards 
each and occupied 55% of the total volume. The contract price men- 
tioned includes the preparation of the large stones and the crushed 
stone, and their transportation from a quarry three miles away. It is 
believed by the authors that the price and also the quantity of cement 
per cubic yard represent minimum figures in first-class construction, but 
the force account showed that the contractor was making a fair profit, 
and inspection of the work and its water-tightness prove that there was 
no skimping in the use of cement. On this particular job the quotation 
of the highest bidder was nearly double the accepted price. 

With reinforced concrete the engineer is able to branch out into special 
types whose design may be applicable to local conditions. 

Design of Gravity Dams. A foundation must be secured which 
will resist the pressure upon it and prevent percolation of water under 
the masonry. The end connections with the adjacent soil or rock must 
also be carefully considered. The section of the dam must be of such 
thickness and design as to prevent (i) leakage, (2) overturning, and 
(3) sliding. 

Leakage through a concrete dam of gravity section need only be con- 
sidered to the extent that no careless work be allowed. 

To avoid tension in the foundation it is necessary that the resultant of all 
the forces of pressure and weight shall pass through the middle third of 
the base. Dangerous sliding need not usually be feared if the dam is de- 
signed to resist overturning. In considering the resistance of friction, Mr. 
Joseph P. Frizell* states that smooth stone slides on smooth stone 

♦ Frizell^s “Water Power”, p. 19. 

^Tables of Quantities are given on pp. 236, 237. 
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under a horizontal force of two-thirds its weight, and to slide on gravel 01 
clay,^tone requires a force nearly equal to its weight. 

The pressure of the water upon any "submerged surface is equal to the 
area of the surface in square feet times the weight of a cubic foot of water 
times the depth of the center of gravity of the surface below the water 
level. This pressure tends to overturn the dam, and is resisted by the 
weight of the dam, and in some cases, where the up-stream face slopes, by 
the weight of the water upon the dam. 

The treatment in FrizelPs Water Power of the location of the center of 
pressure, and the moment produced by it, is especially clear and practical. 



*m 

Bte. 2 19.— Section through Overflow of Boonton, N. J., Dam. {See p. 676 ) 

Fig. 219 represents a section through the overflow of the concrete dam 
It Boonton, N. J., the construction of which is described on page 300. 
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Tlio extreme height of the dam at the highest point above the foundations 
is no feet. An interesting practical test of the water-tightness of concrete 
occurred when the reservoir was fiHed. A vertical well was left in the dam 
in order to provide access to two drainage gates, and although the water in 
the reservoir is 100 feet deep, and is separated from the well by only 5 feet 
6 inches of concrete mixed in the proportions i: sf: 6i, the well remains 
entirely diy. 

Eeinforced Dams. The aim in reinforced dams is to reduce the quan^ 
tity and cost of materials, and at the same time to permit a much broader 
base, and a sloping water-tight deck for the up stream face. The water 
pressure is thus made to increase instead of oppose stability. 

A section of such a dam at Schuylerville, N. Y., 250 feet long and 25 feet 
high, is shown in Fig. 2 20 The buttresses are on lo-foot centers, and support 
a deck tapering from 8 inches to 12 inches thick, while the overfall apron is 8 
inches thick. A foot-bridge lighted by electric lights passes through under 
the crest, giving access from the mill to the railway platform on the other bank. 



Fig. 230. — Section of Reinforced Concrete Dam at Schuylerville, N. Y. P»6tj,) 


Arched Dams. Curved dams, designed in plaq as a single arch, convex 
up-stream, are considered by foremost authorities to be of doubtful economy, 
as the extra length requires more material than is saved by the reduced 
cross-section. 

Recently, a type of dams consisting of a series of arches supported by 
piers or steel lattice work has been suggested, and this idea may receive 
further development through the introduction of reinforced concrete. 
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A dam in the form of a buttressed wall with a vertical up-stream surface 
has been suggested by Mr. George L. Dillman,* the dam in plan consisting 
of parabolic arches. 

The design for a dam at Ogden, Utah,t consists of a number of piers, 
triangular in vertical section, forming buttresses to support an up-stream 
sloping face composed of circular concrete arches from 6 to 8 feet thick. 
The arches are designed to be covered on their upper surface with J-inch 
steel facing. The top of the dam, which is also formed by arches between 
the piers, carries a roadway. 


GORE WALLS 

Concrete is largely superseding rubble masonry for core walls in earth 
dams and dikes. The forms can be roughly made without reference to 
the appearance of the faces, w^hile a thin wall of concrete may be built 
water tight more easily than one of rubble masonry. Unless reinforced, 
core walls are generally of the same thickness as those of rubble masonry. 
The Natural cement concrete core wall of the Sudbury Dam, built by the 
Boston Water Commissioner and his successor upon the work, the Metro- 
politan Water Board of Massachusetts, is 2 feet thick at the top, with a batter 
of one in fifteen on both faces, until it reaches a maximum width of to feet. 
At Spot Pond Reservoir, several dikes with core walls of Portland cement 
concrete, of 15 to 18 feet average height, are 2^ feet in thickness throughout. 

The dike for the Jersey City Water Su])ply Company at Boonton, N. J., 
is designed for a total height of 54 feet. The lower 30 feet is 4 feet 8 inches 
thick, and at this height it begins to batter, so as to reach a width of 3 feet 
at the top. 

Although core walls may often be economically built of rubble concrete, 
the stones must be of smaller size, and cannot occupy so large a volume of 
the mass as in gravity dams, since the sections are thinner. In the construc- 
tion of the Boonton Dike, mentioned above, one contractor was placing rub- 
ble to the extent of 20% of the total mass, while another was placing 33%. 
In the former case the stones were loaded on to derrick skips and unloaded 
by hand; in the latter case, they were hooked by the derrick. This 33% 
probably represents a maximum for a wall 5 feet thick or less. 

Since a thin wall of reinforced concrete may be made equally strong, and 
more elastic than a thick wall of plain concrete, reinforcement may event- 
ually be employed to reduce the section, and therefore the quantity of 
material. 

I 

’^Transactions American Society of Civil Engineers, Vol. XLIX, p. 94. 

tHenry Goldmark in Transactions American Society of Civil Engineers, Vol. XXXVIII* p. 290 
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Since the principal stresses in arches are compressive, concrete is pe- 
culiarly suitable for all classes of arched structures. Eccentric loading 
may be provided for by increasing the thickness of the concrete at the 
points of greatest stress, by steel reinforcement, or by both. The steel may 
also prevent failure of thin sections of the arch from excessive stresses 
due to suddenly applied loads or to settlement of the foundation. 

Concrete is supplanting cut stone in arch bridges because of its rela- 
tive cheapness. Although not entirely acceptable from an architectural 
standpoint because of the difficulty in obtaining a satisfactory surfacing, 
several methods of treating the face have been used with fair success. 
(See p. 288.) This objection may also be met by facing the arch with cut 
stone. Methods of arch design arc treated in Chap. XXII. 

Concrete arches and conduits are likely to be cheaper than brick even ' 
at the same price per cubic yard, because the greater strength of the con- 
crete makes a thinner section possible. 

Tunnels (see p. 689) and subways (sec p. 692) are now built almost 
exclusively 6f concrete, or of combinations of concrete and steel. 

CONDUITS 

Sewer and water conduits of almost any size or shape may be built of 
concrete. In the larger sizes, and in conduits under pressure, steel rein- 
forcement occasionally may be advisable from the standpoint of safety 
and economy. 

Concrete was first used in conduits to form in bad ground a foundation 
for a brick invert. Later it was adopted instead of brick for the entire 
arch, and finally, in many instances, the brick invert lining has also been 
replaced by concrete. 

While concrete may not be preferable to brick in all localities and under 
all conditions, its advantages are sufficient to always warrant a very careful 
investigation of its adaptability to the work in question. 

As far back as 1850 sewers and aqueducts of b^ton or bdton-coignet 
(see p. i) 8 feet in diameter were constructed in France. The materials 
consisted of J part heavy Paris cejment, one part hydraulic lime, and 5 
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parts sand.* Some of these structures, notably the viaduct of La Vanne, 
are said to have cracked and flaked.f Not until the beginning of this 
century, howeyer, was concrete extensively used for conduit construction, 
although in the extreme western part of the United States for a number 
of years it had been employed to a certain extent vjpon irrigation works 
for lining both canals and tunnels, a thickness of 4 or 6 inches corre- 
sponding to 8 inches or two rings of brickwork.J 
Comparison of Brick and Concrete Conduits. Even with no reinforce- 
ment Portland cement concrete is unquestionably stronger, when properly 
proportioned and laid, than brickwork of equal thickness. Therefore, 
even if the cost per cubic yard of the two materials, including centering, 
is practically the same, the concrete is made more economical than brick 
by the adoption of a thinner ring, or a ring of varying thickness propor- 
tioned to suit the actual stresses. 

A comparison of data shows that concrete conduits can be built at one- 
fifth to one-third less cost than brick conduits of equal diameter. Williams- 
port, § Pennsylvania, furnishes an example where bids were obtained for 
brick, plain concrete, and reinforced concrete. The contract bids on the 
plain concrete section averaged considerably less than the brick, and the 
bids on reinforced construction the lowest of the tliree. 

Referring to the reconstruction of sewers necessitated by the New York 
Subway, Mr. William Barclay Parsons, Chief Fmgineer, makes the fol- 
lowing statement in his report to the Board of Rapid Transit Commis- 
sioners: II 

During the year igoi an experiment was made to construct sewers in 
situ in concrete. The first experiment gave such satisfactory results that 
the princi])le has been extended to other .sewers in a .similar manner during 
the year, except that instead of building the arch of brick, as was done at 
first, the whole .sewer in many cases has been built of concrete. The ad- 
vantages of this form of construction are that a perfectly smooth surface 
is obtained without joints, with all connections, curves, (ut-waters and 
other details molded to perfect lines, and that construction can be car- 
ried on more rapidly. 

♦Leonard F. Beckwith in Transactions American Society of Civil Engineers, Vol. I, p. 108. 
Mr. Beckwith also gives a table of strength of b^ton from Michelot. 

fO. Chanutc in Transactions American Society of Civil Engineers, Vol. X, p. 307. 

!tWilliam Barclay Parsons in Transactions American Society of Civil Engineers, Vol. XXXI, 
p. 314. Sec also description of the lining of a water works tunnel with concrete in Massachusetts, 
by Desmond Fitzgerald, Transactions American Society of Civil Engineers, Vol. XXXI, p. 394. 
Sec also References, Chapter XXXI. 

iEngineering News Supplement, Sept. 1 1, 190a, p. 9a. 

IIReport for 1902, p. 271 
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It is reported that these concrete sewers have cost one-third less than 
brick sewers of the same size.* 

Concrete, especially if reinforced, has another great advantage over 
brick, in that it is able to withstand internal water pressure. 

Water-Tightness of Oonduits. Water-tightness is to a certain extent 
dependent upon the proportion of cement to sand. If for a concrete 
conduit the sand and cement are mixed in the same proportions employed 
for the mortar between the joints in a brick sewer, the structures ought to 
be equally impervious. For example — a i: 2J: 5 concrete should be as 
water-tight as brick laid in i : 2^ mortar. 

If the concrete invert is laid in separate sections, these may be connected 
by a stepped joint similar to one of the many joints between the different 
courses in brickwork. A conduit io resist water pressure without leakage 
must be longitudinally reinforced. 

The best proof, however, of the practicability of laying concrete conduits 
which will prevent the percolation of water, is the fact that sections 4 
inches and 6 inches in thickness, which satisfactorily withstand water 
pressure, have been and are still being built.f 

Lime thoroughly hydrated or slaked, or Puzzolan cement, may event- 
ually prove to be the mo.^l satisfactory ingredient to mix with Portland 
cement concrete as a substitute for a portion of the cement, its extreme 
fineness assisting in filling the minute voids and thus increasing the im- 
perviousness. 

The general subject of water-tightness is discussed in (Chapter XIX. 

Durability of Ooncrete Inverts. Concrete inverts have proved in 
practise to be equal, if not superior, in durability to the best hard-burned 
brick. 

The hardness and smoothness of surface obtainable with concrete 
reduce the friction to a minimum and render it less liable to erosion than 
arc other materials. Concrete sewers built at Duluth, Minnc.sota, furnish 
a practical example of the ability of Portland cement mortar to resist 
erosion. After twenty years of wear, they show no appreciable deteriora- 
tion or enlargement in diameter, while brick sewers laid at the same time 
required rebuilding after six or seven years. A section of the Duluth 
drains, about 2 000 feet long and 4 feet in diameter, was built on a' 13 per 
cent, grade where the velocity of the water was 42 feet per second, with an 
invert of flat granite flags laid with i : i Portland cement joints. The 
flow of water during heavy storms was tremendous, carrying down with 
it quantities of sand and boulders, but after tw'o years of wear the invert 

* ^Engineering NewSj March 6, 1902, p. 101. 

fSee Sewers and Conduits in References, Chapter XXXI. 
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showed ridges of mortar between the granite flags, indicating that the 
Portland cement mortar was more durable than the granite. 

Experiments by Mr. Eliot C. Clarke indicate that Portland cement 
mortar in proportions i : 2 will withstand erosioA better than either richer 
or leaner mortar. (See p. 125.) 

Design of Concrete Conduits.* The selection of shapes and sizes of 
conduits suitable for different flows of water and sewage is treated in 
literature on hydraulics and sewerage. If the material adopted is concrete, 
it should be of a minimum thickness consistent with good workmanship, 
strength, and durability. Steel reinforcement reduces the quantity of 
concrete required for the larger sizes, but for a diameter of 3 feet or less 
there is no practical advantage in its use unless the conduit is under pres- 
sure, because the minimum thicknesses which can be advantageously placed 
in a sewer trench are sufficient to withstand all strains. Even in larger 
conduits the use of steel reinforcement is not usually advisable under ordi- 
nary conditions, because of the cost and the difficulty of properly placing 
the metal. 

In preference to an entire concrete section, many engineers advocate 
an invert of one or sometimes two rings of brick laid in a concrete founda- 
tion and surmounted with an arch of either brick or concrete. Others 
favor a concrete invert paved with a granolithic wearing surface, — 
thoroughly troweled, — from one-half to one inch thick. 

The design of a conduit is dependent upon the depth and character of 
the material through which it passes, but a few typical illustrations may 
afford hints for special cases. The proportions of the concrete should be 
carefully determined by an examination of the aggregate at hand. (See 
Chapter XI, page 183.) A mixture of one part packed cement, 2 parts 
sand, 4 parts stone or gravel, is rich enough for important work, while 
proportions as lean as i: 4: 8 may sometimes be employed for sub-founda- 
tions or backing. In most cases the selection will lie between these two 
extremes. Natural cement, because cheaper than Portland, is especially 
adapted for foundations and filling which are not subject to stress or to 
wear. Puzzolan cement is also suitable in many instances. 

The Weston Aqueduct of the Metropolitan Water Works, Massachu- 
setts, built on a gradient of one in 5 000, has in loose earth a typical section 
shown in Fig. 221. In compact earth the excavation is narrower, and 
the width of base is reduced as shown by one or the other of the dotted 
lines, AB or CB. In embankment, the foundation is carried lower and 
horizontal reinforcing rods are sometimes placed at intervals just below 
the brick invert lining. 

*£arth pressure on conduits is discussed on pa^e 693. 
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In the Chicago Clearing Yards* drainage is accomplished by concrete 
sewers. The 36-inch and 42-inch diameter mains are 8 inches thick, 
the 48-inch diameter are. 10 inches thick, and the 84 and 90-inch mains, 



Fig. 221 —Typical Section of Weston Aqueduct in Loose Earth. (See ^.682.) 

12 inches thick. The ring in each size is of uniform thickness, and 
the lower portions of the interior surface are covered with a J-inch coat of 
plaster. , 

In large concrete conduits, even when of circular shape, and passing 
through material which needs no foundation, it is good practice, whether 
or not reinforcement is employed, to thicken the walls at the spring of the 
arch. At Williamsport, Pennsylvania, a ii-foot concrete sewer, suggested 
as a possible substitute for a 4-ringed brick sewer, was designed 13 inches 
thick at the crown and invert, and 19J inches thick at the haunches with 
no reinforcement. 

The Jersey City Water Supply Company constructed in 1903 a conduit 
reinforced with twisted steel. A typical section, taken through a manhole, 
is shown in Fig. 222, as designed by Mr. William B. Fuller. Longitudinal 
reinforcement consists of i®8-inch rods spaced about i8 inches apart, and 
circumferential reinforcement is formed by rings of f-inch rods about 12 
inches apart, through rock open cut the metal was placed only in the* 


4 See iittde by £, J. McCaustUnd, Cment, Sept., 1902, p. 26^. 
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arch, and as far down on each side as the filling would extend. The open- 
cut conduit is shown in process of construction in Fig. 97, page 278. 

At Kalamazoo, Michigan, Mr. George S. Pierson adopted for a creek 
culvert* a section shown in Fig, 223. 



At Grenoble, France,t in 1902, a concrete-steel penstock was built to 
withstand a pressure of 65 feet head of water. The thickness of wall is 
from 8 to 10 inches, reinforced with longitudinal bars 1 to i inch diameter 
and circular hoops | to J inch diameter, forming a mesh about 4 inches 
square. 

Thickness of Conduits. Mr. Fuller’s general rulej for determining 
the thickness of concrete in conduits is as follows: 

If concrete is not reinforced and ground is good, — able to stand without 
sheeting, — make crown thickness a minimum of 4 inches, and then one 

♦Described in Engineering News, Feb. 12, 1903, p. 163. 

■^Engineering Record, Mar. 7, 1903^ p. 249. 

tPersonal correspondence. 
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inch thicker than diameter of sewer in feet. Make thickness of invert same 
as crown plus one inch except never less than 5 inches. Make thick- 
ness at haunches two and a half times thickness of crown, but never less 
than 6 inches. This rule is expressed in the following table: 


Thickness of ConduUs* 



If ground is soft or trench is unusually deep, these 'thicknesses must be 
increased according to experienced judgment. 

If reinforcement is used, the thickness for conduits of ordinary sizes is 
usually determined by the minimum thickness of concrete which can be 
laid so as to properly imbed the metal. This minimum for the large diam- 
eters where steel is advisable may be taken as 6 inches. 

Methods of Conduit Construction. There arc four general methods 
of construction of concrete conduits: (i) The lower portion of the invert is 
laid by template and the remainder of the circle by centering. (2) The 



Fig. 22j, — Creek Culvert at Kalamazcx>, Mich. ( 5 ca 
p. 684.) 


invert is formed by an inverted center, and the arch by an upright center. 
(3) A center the size of the entire sewer, but with a removable bottom, is 
placed, the sides and arch are built, and then the bottom of the center is 
removed, and the invert is laid. (4) The entire sewer is formed as a 
monolith. The size of the sewer and the character of the work influences 
the choice of method. 
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If the invert Is to have a bnck lining or a granolithic finish, after exca- 
vating the materidl to the required grade and shape, profiles or templets 
are placed in advance of the finished concrete, and the surface is formed 
with the aid of a straight edge placed longitudinally from the finished 
conaete to the nearest template If the sides run up sharply, as in a small 
sewer, the concrete may be held in place by strips of lagging, 2-inch by 
2 inch for a very small sewer, or wider for a larger size This lagging 
rests at one end on the finished concrete, and at the other end on the tem- 
plate, and IS pi iced as tne work progresses In horseshoe sewers the in 
vert ma> be shaped wiin templates and straight edge, and the side walls 
laid back of plank forms 

One of the simplest methods of construe ting a small sewer whose invert 
is to be enlirelv of conciete, without reinforcement, is that adopted by the 
New York Transit Commission The process is described as follows 

Previous to setting the invert form in place for constructing a length of 
invert, concrete wis pi iced on the bottom of the trench m a lavcr thick 
enough to bring its toj) surface up to within from ] inch to \ inch of flow- 
line grade To insure the iccuracv of this work and also to insure the 
accurite alignment of uhc form x template was suspended from the trench 
timbering and adjusted to line and grade After placing the bottom laver 
of concrete the form (a center 12 feet in length) was accurately set in posi- 
tion by resting its rear end on the end of the list completed invert and 
supporting Its forward ehd on a found ition accurately set in grade The 
flow line was then accuratel> formed b\ tilling the space between the 
bottom of the form anu the c on( retc foundation layer with a mortar of one 
part Portlxnd cement to one part sand Ihe foim was then firmly braced 
in position b> struts nailed to the trench sheeting, and vertical plxnking 
was set up to form the outside of the sjiandrel The concrete was then 
placed and larefully rammed agiinst the form so as to insure a smooth 
surface The inv ert concrete w as c omposed of one part Portland cement, 
two parts sand and four p irts broken stone to pass a i inch ring This 
mixture was pi iced (not dropped) into position and caiefull> rammed 
The ends of each successive section of invert weie mortised to insure a 
firm and intimate connection with the next section, and 2 b) 4 inch strips, 
laid longitudmallv along the center of the tops of the side walls of the invert 
section, formed mortises for bonding the arch ring to the invert The 
forms were left in place at least 24 hours to allow the concrete to set. 
After the invert was set and the form withdrawn a thin cement wash was 
brushed over its surface to smooth any slight roughness This work gave 
a surface almost polished in comparison with the best brickwork. 

This method of procedure affords no opportunity of troweling the surface, 
but in a sharply curved invert it is difficult to use a trowel. The plan 

News, Mar 6, 190Z, p 199. * 
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described is not suitable for a large reinforced sewer because so much time 
is required to set the center and the steel that the layer of concrete in the 
bottom sets too hard to unite with the mortar finishing coat. 

In a lar^e conduit the smoothest and best wearing surface is obtained by 
laying a comparatively narrow strip of invert by means of profiles or 
templets and straight edge, and troweling it. If desired, a granolithic (or 
mortar) finish may be given, but with thorough troweling, excellent 
results are secured with concrete. The arch center, which in such cases 
mu'st be nearly a complete cylmder, is placed after the strip of invert 
concrete has set, mortar is spread on the edges of the invert strip already 
laid, and the circle is completed with fresh concrete. A longitudinal groove 
also assists in forming a tight joint. 

To avoid this joint, a similar plan has been followed to that just de- 
scribed, except that the form, which is a complete cylinder open at the 
bottom, is placed, before laying any concrete, upon concrete blocks pre- 
viously prepared in molds and then laid in the bottom of the trench. 
The lowest strip of invert is not laid until after the sides and arch are in 
place, the concrete for it being let down through holes left in the crown 
for the puipose, and tioweled as thoroughly as the obstructions of the 
forms will permit 

It would at first appear that the sewer could more readily be made 
monolithic by placing a complete cylinder and pounng concrete around it 
for the invert arch. The objection to this, however, is the great difficulty 
in placing the concrete in the extreme bottom, and also the tendency of 
the center to “float” from the upward pressure of the concrete This 
difficulty is also encountered to a less extent in the method described in 
the preceding paragraph. 

In a sewer whose invert and arch are constructed separately, the arch 
centers are made and placed as for brick, except that a smoother and 
tighter suiface is necessary, and the forms are oiled to prevent adhesion. 
A covering of sheet metal has often been successfully used In order to 
lay the concrete of the arch sufficiently wet to obtain a smooth surface, an 
outside set of forms, open at the crown, is usually essential. 

The laying of a large water conduit for the Jersey City Water Supply 
Company is illustrated In Fig. 97 » page 278. 

If a plaster finish is required by the specifications, the mortar may be 
spread upon the arch center before placing the concrete, or troweled on to 
the intrados after the completion of the work. In the aqueduct of the 
Metropolitan Water Works, Massachusetts* (see Fig. 221, p 683), a 

^hird Aiiiiual Report, Metropotitan Water Board, 189S, p. 56. 
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Portland cement wash was first used on the Portland concrete arch, but, 
it was afterwards found that thin plastering gave better results. The 
plastering was put on to increase the water-tightness and to make a smoother 
surface. As a rule, the authors do not consider it necessary or advisable to 
plaster the arch. 

Conduit Forms. The construction of forms* so that they may be readily 
‘‘struck” and removed requires considerable ingenuity and design. Invert 
centers for a small sewer, designed by Mr. William G. Taylor and em- 
ployed in the Medford, Massachusetts, sewers, are illustrated in Fig. 224. 



Fig. 224. - - Center for Invert of 30-inch Sewer at Medford, Muss. {See p. 68 H.) 

Conduits in Tunnel. The methods of construction, except as regards 
the handling of the concrete, are substantially the same in tunnel as in 
open-cut. It is generally necessary, however, to provide loose longitudi- 
nal lagging for the arch, and place it stick by stick as the concrete is laid. 
The extreme crown or key for a wddth, say, of 2 feet, is most easily laid 

>^Variou8 styles are referred to under ** Forms " in References, Chapter XXXI. 
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upon cross strips or short segments in the same way that a brick arch in 
tunnel is keyed. The concrete for the key must be mixed fairly dry, and 
rammed lengthwise of the tunnel. 

The tunnel section of the conduit of the Jersey City Water Supply 
Company is similar in inside dimensions to the open-cut section. (Fig. 
222, p. 684.) It is plain concrete with no reinforcement. The thickness 
of the arch and sides is 8 inches and of the invert 6 inches, but points of 
rock are allowed to jut into this section ‘^provided a minimum thickness 
of 6 inches is maintained in the arch, and of 3 inches in the sides and bot- 
tom.” 

TUNNELS 

The general principles of design and methods of construction for large 
railway tunnels are similar to those for sewer and water conduits. The 
external strains arc of course greater and must be provided for according 
to local conditions. In some cases water-tightness is essential; in others, 
which compose the large majority, the drift is through dry material, and 
the ballast may be laid directly upon the bottom. 

Tunnel Design. The standard section of a double-track tunnel of the 
Pittsburgh, Carnegie & Western R. R.* has an arch 26 inches thick and 
side wall laid on a batter, inside, of one inch to the foot, and of such thick- 
ne.ss as to reduce to 26 inches at the springing line. 

The standard section of single archf in the New York Subway for a 
tunnel 25 feet wide is 18 inches at the crown. In rock drift this thickness 
is carried down to the springing line, from which point the inside face is 
battered inward. In deep open-cut construction the arch is thickened at 
the haunches to about 4 feet,, and the outside of the wall is waterproofed. 

The East Boston Tunnel, completed in 1904, is showm in section in 
Fig. 225. The sketch also illustrates the general construction of steel 
framework and lagging which, after completion, w^re entirely removed. 
The invert between A and B was laid after the rest of the section was 
complete. The method of carrying on the work is described on page 691. 

The approaches to the Harlem River TunnelJ of the New York Subway 
were excavated in open-cut, then roofed over, and the tube thus formed 
pumped out. The section of this tunnel under the river is lined with cast- 
iron segments. 

The single-track tubes of the Pennsylvania R. R. tunnels§ under the 

^Engineering Newsy May 2f, 1903, p. 447. 

•fContract Drawing No. C 9. 

tGeorge S. Rice in Journal Assodation of Engineering Societies, Dec., 1902, p. 224. 

^Engineering News, Oct. 8, 1903, p. 327. 
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channel of the Hudson River at New York City are designed with a cast 
iron shell made in segments bolted together and lined on the inside with 
concrete 2 feet thick. 

Methods of Tunnel Construction. Concrete side walls and arches in 
tunnels constructed without the use of compressed air are laid by means of 
forms and centers, whose design varies with the character of the excavation 



and the general arrangement of the structural machinery.* To provide 
clearance so that the arch center may be lowered and moved ahead, the 
side walls may be carried up above the springing line. For supporting 
the center, a temporary frame consisting of a timber resting on posts is 
set up close to each side wall, and the center is jacked up to line and sup* 
ported by wedges. By placing the side timbers in advance, the arch may 
be hauled ahead on rollers by hand tackle or hoisting engine. 


♦In the serial on The New York Rapid Transit Railway, Engineering News, Sept. i8 and 
Oct. 8, 190Z, are excellent descriptions with sketches and illustrations of the methods of construc- 
tion on one of the secuons of the New York Subway and in the Harlem Tunnel. See References 
* for further examoles. 




CONDUITS AND TUNNt^LS 


691 


The East Boston Tunnel, shown in Fig. 225, is an interesting illustra- 
tion of a tunnel entirely of concrete built with the aid of compressed air.* 
Two side drifts, solidly timbered, were kept from 60 to 150 feet in advance 
of the shield, so that the concrete side walls, which were built in these to a 
height of about 16 inches below the springing line of the arch, had an op- 
portunity to set for about ten days before the shield reached them. The 
shield, resting on rollers, moved along on these side walls, and the main ex- 
cavation was made under it. The concrete arch was built under the tail 
end of the shield, in lengths of 30 inches, as soon as the earth was removed. 
The shield was forced ahead by i6 hydraulic jacks, acting against the cast- 
iron cruciform push rods, 3 inches in diameter, shown in the drawing, which 
were placed in the concrete in 30-inch lengths, so as to form continuous 
rods the entire length of the tunnel. The supports for the centering con- 
sisted of steel ribs,t also shown in the figure, placed 2^ feet apart, and sup- 
porting 4-inch lagging, against which the concrete was laid. Portland 
cement grout, usually i cement to 2 fine sand, was forced in on top of the 
arch so as to form a film about ij inches thick. The invert was laid as the 
shield progressed. The progress of excavation and lining in May, 1901, 
was about 6 feet in twenty-four hours, about 60 mefi being then employed 
on each of the two shifts. 

The specifications for the East Boston Tunnel} limited the sizes of the 
gravel to 2 inches, and stated that 5% only should be less than \ inch. 
The proportions required that *‘to each 123 pounds of dry Portland cement 
there shall be 2^ cubic feet of sand and 4 cubic feet of gravel, and such a 
proportion of water as the engineer shall from time to time determine. 
The sand and gravel shall not be packed more closely for the above meas- 
urements than is done by shoveling in a dry state into a measuring box.** 
Compensation was awarded the contractor when these proportions were 
varied. Crushed stone screenings were largely used instead of sand. 

Closing Leaks. In the East Boston Tunnel a layer of neat cement 
mortar was spread upon a surface of old concrete before laying a new 
section, but even this did not prevent slight percolation of water at these 
joints after the removal of the air pressure. Although the leakage through 
these was almost inappreciable, they gave the walls a somewhat unsightly 
appearance, and to stop them holes 6 inches or less in depth were drilled in 
the concrete, and |-inch pipes insertM, through which neat cement grout 
was forced by a power pump. The leakage in September, 1904, in z.4 

^Howard A. Carson in Journal Association of Engineering Societies, Dec., 1902, p. 205. 

fRibs were of wood on one of the sections. 

}Construction Contract, Boston Transit Commission, Section B, East Boston Tunned 190a 
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miles of tunnel, — over one-half mile being directly under the harbor, — was 
not more than 7 to 8 gallons per minute. 

SUBWATS 

Subways are teclinically distinguished from tunnels as constructions in 
open-cut instead of drift, although portions of a subway are often really of 
tunnel construction. The term suinvay is a])plied to accessible conduits 
for water mains, electric cables, etc., as well as to underground passages 
for traffic, but it will be considered here in the latter sense only. 



When "A" s: gpEET or Less iSinoheb, "D'' = 22inche 

u It sg If 'TOI4FEET M =20 •• I •• -26 •• 

.« .. «|4 It •• 18 .1 •• =22 •• . H =30 •• 

it (I .=18 *• •• 27 «• •• =24 “ I '* =34 •• 

Ffg. 226. — ^Typical Section of Reinforced Concrete Construction in New 
York Subway. (See p. 692.) 

Subway Design. To save the headroom required by a circular arch, 
the roof of the subway is usually made flat. The older portion of the New 
York subway is built with a framework of steel I-beams, the bents being 
spaced about 5 feet apart and the roof formed by arches of concrete* sprung 

* Concrete has superseded brick for such arches. 



CONDUITS AND TUNNEIJI 


693 


between the lower flanges of the cross giMers, which are also completely im- 
bedded in concrete. The walls are of concrete, 15 inches thick, forming 
arches between and imbedding the posts. 

The typical design of the Philadelphia subway is reinforced concrete 
throughout, except that steel columns incased in concrete arc used for the 
supports between the tracks. The walls are longitudinally reinforced to 
prevent shrinkage or temi)erature cracks with about /g- of i % of steel,* and 
this was found suflicient to prevent all except very small cracks, so that the 
structure is practically dry even although the backfilling may retain con- 
siderable moisture above the level of the underdrains. 

The more recent portions of the New York subway also are entirely 
of reinforced c<mcrete, the typical designf in 1909 being shown in Fig. 
226, page 692. 

During the course of construction in New York it was decided to widen 
one of the portions already complete. 'Phe contractors moved the concrete 
side walls and roof, 275 feet long, bodily, without injuryj. 

DESIGN OF CONDUITS 


The external pressure on structures buried in the ground is very indefinite, 
depending not only u])on the character of the fill, but also upon the method 
of excavating and filling the trenches and tamping the filling.^ 

For small dc[)ths up to 3 feet the sum of the weight of the earth and the 
live load may be taken as acting on the structure. For larger dejilhs, 
however, the sum of these two forces would be excessive, and may be 
decreased. According to Mr. Fruhling§ the effect of the live Ipad decreases 
as a parabola until it is zero at ifi.J feet, and may be represented by formula 
(r) using notation below. || 


== w — 0.06 + 0.001 2h^) 


(0 


(16. 

and (I2 = ^ 


5 - hy 

269 


(2) 


The weight of the earth increases only toadejithof about ifij feet accord- 
ing to formula (2) and is constant for larger depths. 

The sum of the force q, and qa thus found gives the working load i)er 
square foot. Allowance should be made for impact when necessary. ^ 


♦Personal correspondence with Mr. Charles M. Mills, Principal Assistant Engineer, 
j" Presented by courtesy of Mr. Henry B. Seaman, Chief Engineer, 
t See descriptions and illustrations in Engineering News, June ii, 1903, p. 515. 

^ For an excellent treatment of this subject with formulas for moments, sec ‘^Tests of Cast- 
Iron and Reinforced Concrete Culvert Pipe,” by Arthur N. Talbot, University of Illinois, Bulletin 
No. 2x, 1908. 

$ Handbuch fiir Eisenbetonbau, Band ITT, p. 510. 

,/Notation. qs ^ pressure per sq. ft. due to dead load; ^2 == r pressure per sq. ft. due to live load; 
w “ wieightof earth per cu. ft.; ■*» unit live load; h " depth in ft. 
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Oonduits with Arch Top Only. The computation of the arch is similar 
to that for an arch bridge, and is given in Chapter XXII. The loads 
are carried to the sides of the arch conduit, which act as abutments. Ex- 
perience indicates that it is not safe to count to a large extent upon the filling 
at the sides of the conduit to prevent them from cracking. 

Longitudinal bars should be introduced to assist in providing for upequal 
settlement as well as to resist temperature stresses. 

Circular Pipes. Under vertical forces the maximum positive moment acts 
at the top and bottom of the pipe and produces tension on the inside surface, 
and the maximum negative moment acts on the sides, causing tension on 
the outside surface* Double reinforcement however is usually introduced. 

Rectangular Conduits Square and rp( tangular conduitsf are designed 
as rigid frames loaded by weight of earth and live load acting on upper hori- 
zontal slab, reaction acting on lower horizontal slab, and earth pressure 
acting on sides of conduits. The stresses may be computed as in ordinary 
slabs (sec page 421) after determining the moment by formulas given below. 

Let 


Ml *= negative moment at the four comers and at the tenter of vertkal 
slabs, caused by vertical loads 

Mi = positive moment in the tenter of the lower 01 upper slab, taused by 
vertical loads 

IlJf^ « moment of inertia of horizontal and of vertital slabs, resjiectively. 
l,h = span of horizontal and of vertit al slabs, respectively. 
w = uniformly distributed load. 


Thefi 

M,^ 


Wl^ 


(3) 


and M2 


Af 

-8 


( 4 ) 


Ih 

13 ll^ + hlf 

The formulas apply to vertical loads as indicated above 
For earth pressure, assuming it as uniformly distributed, these same for- 
mulas may be used, but the earth pressure, which acts at right angles to 
the vertical load, causes positive moment, M*, in center of vertical slabs and 
negative moment, M, at corners and also at center of horizontal slabs. For 
the earth pressure moments / and h must be transposed. The moments, 
M, ahd Mj, due to earth pressure must be computed separately and then 
may be combined with M, and M„ respectively, due to vertical loads. The 
moments to be combined are of opposite signs and their sum may not repre- 
sent the most unfavorable condition, which, of course, must be selected. 


♦ See footnote t page 693. 

f A table of dimensions and reinforcement for square and for rectangular conduits under 
different condmons is given by Sanford £ Thompson in^^Concretein Railroad Construction/' yub- 
lisbed by the Atlas Portland Cement Co. 
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CHAPTER XXVIII 

RESERVOIRS AND TANKS 

A new held lias been developed for concrete design in the building of 
covered reservoirs and filtration plants for water purification works. 
Plain or reinforced concrete is now commonly employed for the floors, 
columns, vaulted roofs, tanks, and filter basins. The Filtration Works at 
Little Falls, N. J,,* furnish a modem example of such construction. For 
open reservoirs, concrete is frequently substituted for stone masonry both 
in the retaining walls and core walls, and also is used for lining the bottom. 

Concrete tanks are used not only for water but for chemicals. 

OPEN RESERVOIRS 

The principles of design and construction of retaining walls have already 
been discussed m Chapter XXVI. The contraction cracks, which are 
almost certain to occur in long walls of any class of masonry, may be 
provided for by some form of expansion joint. Cut off walls of clayf niay 
be placed to prevent the passage of water through these vertical joints, or 
open wellsf may be left at intervals in the walls, and after setting for a 
month or more filled with concrete. This concrete filling is placed pref- 
erably upon a cold day, when the contraction in the wall is greatest. 

The lining for the bottom depends upon the character of the underlying 
soil or rock. Usually a layer of i' 2^* 5 concrete 4 to 8 inches thick, if 
properly laid and troweled, will provide a lining sufficiently impervious 
for practical purposes § 

In small reservoirs, where earth and rock meet so as to present danger of 
unequal settlement and consequent senous leakage, a strip of reinforcing 
metal may be placed over the line of division. 

COVERED RESERVOIRS 

A common type of design for covered reservoirs consists of a concrete 
bottom, underlaid, where necessary, with 12 to 16 inches of clay puddle 

^Transactionc Americao Societ^r of Civil Engineeri, Vol L, p 394. 

fSee paper by Chas W. Paine in Journal Association of Engineering Societief, October, 190a, 
P- > 5 *- 

tTransaetions American Society of Civil Engineers, Vol X,, p. 406. 

{For other methods of Iming see Chapter XIX on water-tightness. 
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and laid in the form of inverted groined arches. Piers of concrete or brick 
rest upon the thick haunches of the arches, and the roof is formed of 
groined arches supported by the piers and covered with a layer of earth. 
For the prevention of leakage, the principles already discussed in Chapter 
XIX, on Water-tightness, are applicable. The contraction of the concrete 
is a common source of cracks, but when comparing concrete with other 
kinds of masonry, it must be noted that concrete is no more liable to tem- 
perature contraction than brick and stone, the brick division walls, for 
instance, of the Albany Filtration Plant,* showing cracks similar in num- 
ber and appearance to the cracks in the outside concrete walls. 

Reservoir Walls.f Since the walls are supported at the top by a roof, 
there is less danger of overturning, and thinner sections may be used than 
for open reservoirs. This class of structure also presents opportunity for 
thin walls reinforced with steel. 

Walls of plain concrete for shallow reservoirs or filter beds are frequently 
2 feet to 2 feet 6 inches at the top, with a batter on the outside of i in 10. 

The wall of a circular reservoir supporting a dome-shaped roof should 
be reinforced at the top with one or more rings of steel to resist the thrust. 

Methods of forming expansion joints for open reservoir walls, described 
on page 695, are also applicable to covered reservoirs. 

Reservoir Piers. The dimensions of the piers are readily calculated 
after designing the roof and determining its weight, and the weight of the 
earth covering. In concrete piers of dimensions suitable for reservoirs, a 
working pressure of .400 pounds per square inch may be safely allowed 
when the i)roportions of the concrete arc 1: 2J: 5. 

A floor of inverted groined arches will distribute the pressure of the piers 
if the soil is unstable. In some cases it may be necessary to place rein- 
forcing steel in the footing (sec design of column footings on i)agc 644) to 
prevent unequal settlement. 

In ordinary cases no reinforcing steel is needed in the piers. However, 
if the load upon them is extra heavy and the reduction of their dimensions 
is of importance, steel may be introduced to assist in carrying the com- 
pression. (See p. 489.) Also, if the columns are of considerable height, 
say, over 12 feet, a small rod near each corner, wa’th occasional horizontal 
hoops, may be placed as described on page 624. 

Reservoir Floors. The floor should be smooth, fairly impervious, and 

^Transactions American Society of Civil Engineers, Vol. XLIII, p. 282. 

fMethods of Calculating the wall pressure, the amount of reinforcement required, as well as 
other tables and data relating to covered reservoir construction, are given in a paper on Covered 
Reservoirs and Their Design, by Freeman C. Coffin in Journal Association Engineering Societies, 
July, 1899, P- 
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strong enough to resist the upward water pressure from the underlying soil 
when the reservoir is emptied. Mr. Coffin* considers a thickness of 3 or 
4 inches sufficient when the soil is so compact that there is no danger, when 
empty, of pressure from without. In pervious earth he suggests 6 inches 
of concrete for heads as great as 20 feet. 

Inverted groined arches for the floor not only distribute the pressure of 
the piers» but also present increased thickness of concrete around the piers 
where there is most danger of unequal settlement, give a minimum vol- 
ume of concrete, and alTord channels for the passage of the water when the 
reservoir is emptied. 

I'hc groined arches are laid in alternate diamonds before the piers are 
built, so that each pier will rest iijKm the corners of four diamonds. The 
method of laying the floor arches at the Albany Filtration Worksf is 
illustrated in Fig. 227. 



Fig. 227. — Reservoir Floor. (See p. 7 . ) 


Before the concrete has set, the surface may be covered with a grano- 
lithic or mortar finish, as in sidewalk construction (see p. 600), or it may 
be simply troweled. Methods of treating joints between blocks and other 
means of waterproofing are discussed on page 346- 

♦See second footnote on p. 696. 

fAUen Hazen in Transactions American Society of Civil Engineers, Vol XLIII» p. 262 
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Besemir Roofs. Groined elliptic arches* are especially suited to 
reservoir roofs because requiring the minimum volume of concrete to 
support their own weight and the weight of the earth above them. 

Mr. Coffinf ba>s that the cost per cubic yard of groined arches of 
concrete is about one-half that of brick masonry. Although tlie centering 
costs more than brick because a tight surface is necessary, the brickwork 
is more expensive on account of the great amount of cutting required. 
He further states that “the cost of the centering, their supports, placing 
and removing them, is from 15 to 20 cents per square foot for the interior 
surface pf the reservoir if it is all centered at once.^J 

Mr. Leonard Metcalf has compiled a table§ of data relating to reservoirs 
in the United States covered with groined arches, which shows a range in 
span of arch from 10 feet 6 inches to 16 feet, a rise varying from one foot 
6 inches to 4 feet, and a thickness at crown, in all cases but one, of 6 
inches. The proportions of the concrete range from i : 2^ : 4 to 1:3:5. 

TANKS 

Reinforced concrete is cheaper for tanks than sheet steel, and more 
durable than wood. It is especially adapted for tanks used in paper and 
pulp mills to hold chemicals. When made of wood or other material 
which is affected by acid and bleach liquor, such tanks require constant 
repairs. Concrete not only furnishes a durable material, but one into 
which outlet aistings may be readily built, and to which, if properly flanged 
so that the concrete cannot shrink away from the metal, the cement will 
adhere and form a tight joint. The gates and other connections, which 
are usually of brass or bronze, must be so heavy that the corrosion and 
wear upon them will not necessiUte removal and therefore repairs to the 
concrete, since it is impossible to form a satisfactory joint between old and 
new concrete in a thin wall. 

There are two distinct methods of concrete and mortar tank construction. 
In one, forms are built and the concrete is laid with metal reinforcement 
in the usual manner, and in the other^ a framework of metal lathing, the 
shape of the tank, is constructed, and Portland cement mortar plastered 
upon it, as described on page 627. 

» 

*Method8 of centering and placing the concrete of the vaulting are described in detail and 
fllustrated m Mr* Hazen's paper m Transactions. ^ 

fSee second footnote on p. 696. 

|Mr. Coffin also gives interesting diagrams showing quantities and costs of materials and labor 
for covered reservoirs. 

{Sde Report of Annual Convention of the New England Water Works Arsociationi 1903^ 
Engineering Newt, September, 1903, p. sjS. 
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Methods of Oonstruction. The materials for the concrete must be very 
carefully proportioned so as to give a water-tight wall (see p. 339), and the 
stone should be of such size that a good surface can be readily obtained. 
The concrete should be mixed so wet that it will completely cover the metal 
reinforcement and flow against the form, and it is absolutely essential that 
the entire tank be built in one operation. 

Mr William B. Fuller’s methods of constructing a thin wall require that 
the concrete be mixed very wet, so that after wheeling 25 feet it will settle 
down to a level in a wheelbarrow. The laborer shovels it from the barrow, 
throwing one shovelful in a place, and goes the entire length of the section 
or around the circumference, thus forming a very thin layer and preventing 
the separation of the ingredients 

The forms for the Little Falls tank described and illustrated on page 700 
consisted of 2 J by J-inch tongued and grooved boards, planed one side and 
placed vertically. Around the outside of the top of this cylinder of boards 
was placed a horizontal rib consisting of two sets of boards, 8 in each set, 
cut to a circle and laid in two thicknesses so as to break joints. Below this 
rib, a \virc rope was wrapped around the forms spirally, so that the separate 
spirals were about one foot apart The lower ends of the slaves were held 
by the bottom portion already built, otherwise another rib would have been 
required at the bottom. The inside form consisted of three cylindrical 
centers built like ordinary sewer centers and placed upright one above the 
other, each about one foot 3 inches high. These were suspended so that 
the bottom of the lowest allowed for the 3 -inch thickness of the concrete 
bottom. They were held temporarily in place sideways by pieces of board 
3 inches long placed between them and the outside foims. As soon as the 
renters were fixed in position the concrete for the bottom was poured down 
through the middle of them and immediately afterward the walls were 
poured. This concrete flowed out slightly under the bottom center, but 
was easily removed after setting There were no reinforcing angles be- 
tween the bottom and the sides. The rods of the bottom extended very 
nearly to the outside lagging, and the side rods extended down almost to 
the lower surface of the concrete bottom. Two tanks were built at once, 
and the contract price of each was $100. 

EjEamples*of Tanks. The Filtration Plant at Little Falls, N. J., whose 
structural features were designed by Mr. Fuller, has a tank or well 41 feet 
high and 10 feet in diameter, which sustains the pressure of water either 
from within or from without. The walls are 15 inches thick at the bottom 
and 10 inches thick at the top. Rings of ^-uich Ransome twisted steel 
rods were placed about every a feet in the center of the wall, and vertical 
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rods I inch in diameter and about 5 feet apart were also set in the center 
of the wall, thus forminj' a scries of hoops and posts. 

On a platform in the same building is a tank 4 feet high and 4 feet in 
diameter. The walls are 3 inches thick, and contain rings of ^-inch twisted 
rodst)lace(l about 6 inches apart, and i-inch vertical rods about 2 feet apart. 
The lloor of the tank is also 3 inches thick, with J-inch rods spaced so as to 
make a 6 -inch square mesh. This tank is shown in section in. Fig. 228. 

The Illinois Steel Company, South 


Chicago, emi)lov circular concrete 
tanks* for storing cement. These 
arc 25 feet in diameter and 50 feet 
high, with walls 7 inches thick at the 
bottom and 5 inches thick at the top. 
The concrete is reinforced by rings 
spaced 4 inches apart and varying in 
diameter from one inch at the bot- 
tom to j inch at the to]). 

At Milford, Ohio, is a stand-pipef 
of reinforced mortar 80 feet high and 
1 5i feet outside diameter. The thick- 
ness of the shell for the lower 30 feet 
is 9 inches, for the next 25 feet, 7 
inches, and for the remaining 25 
feet, 5 inches. The outside face is 
vertical. The concrete foundation 
is 20 feet in diameter and 6 feet thick. 
On top of this, T-bars, i hy i by J 
inch, were placed radially from the 
center to within 6 inches of the outer 
edge, and the shell was started di- 
rectly from these. The horizontal 
ba.se around and within the shell was 
then strengthened by a layer of 1:3 



mortar 6 inches thick in the interior 
of the tank and 16 inches thick 
around the outside of it. The shell 


Fig. 228. — Concrete Feed Tank for 
Mcclianical Filter at Liftlc Falls, N. J. 
p.yoo.) 


is of 1:3 mortar reinforced wdth T-bars i by i by J inch, spaced 18 
inches apart vertically and in horizontal brings varying from 2 inches 


^Engineering News, August, 1902, p. 148. 
fSee Engineering News, Feb. 1904, p. 184. 



RKSERVOIRS A^W TANKS 


701 . 

apart* at the base to 3 inches at the top. T-shapeil steel is not so suit- 
able as round for reinforcement l)ecause of the lower adhesion. Stone 
with the sand would have pmduced a denser and cheaper mix. 

STORAGE RESERVOIRS 

Storage rescrvtnrs for waterworks and other purposes are being built of 
reinfoned concrete. The design of sejuare or rectangular reservoirs invol- 
ves problems similar to those met with in the design of retaining walls (sec 
p. 659). In circular reservoirs, the thickness of the walls is usually based 
u]>on judgment to insure the proper placing of the concrete for water- tight- 
ness, while the horizontal reinforcement is designed to resist all the tension 
due to water pressure. The amount of horizontal reinforcement at various 
sections will vary with the water pressure, being zero at the top and increas- 
ing toward the bottom, and may be determined thus: 

Let 

n — height of reservoir in feet above .section considered. 

D ~ diameter of reservoir in feet. 

-= area in sciuare inches of horizontal steel per foot of height at section 
considered. 

allowable unit stress in .steel in pounds per square inch. 

At any horizontal .section the total ten.sile force, per foot of height, tending to 
rupture the reservoir on any diameter is 62.5 HD. Since the area of steel 
resisting this force is 2/l/„we have 2/1/^ 4 = 62.5 HDy or 

‘ /, 

A comparatively low unit stress in the steel should be adopted, preferably 
not over to 000 or 12 oco j)ounds per .square inch, to prevent the formation 
of cracks in the concrete as it stretches. 

Joints require special treatment to prevent leakage. (See page 284.) 

In a high circular re.servoir, the thickne.ss of wall and vertical reinforce- 
ment should be considered as in chimney de.sign (sec p. 630). 

Waltham Reservoir. The re.servoir in Waltham, Mass., is 100 feet in 
diameter and 37 feet high, and the walls are 18 inches thick at the bottom 
and 12 inches at the top, the inside surface being vertical. I'hc wall rein- 
forcement consists of inch round bars, simply lapped at the ends and 
varying in spacing from the bottom to the top, so as not to stress the steel 
beyond 12 000 pounds per square inch. The aggregates were especially 
graded according to the recommendation of one of the authors, and 5 per 
cent of hydrated lime, based on the weight of the cement, was added to 
increase the water-tightness. 
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CHAPTER XXIX 

MISCELLANEOUS STRUCTURES. 

The more important structures are treated with considerable detail in 
preceding chapters. The uses of concrete and reinforced concrete are now 
so numerous and are increasing so rapidly that only brief reference can be 
made to a few of the smaller and of the less common §tructures. 

In railroad work, not only for the more important structures like piers, 
abutments and arches, but for the numberless smaller details like telegraph 
poles, ties, bumping posts, and signal po ts, is reinforced concrete being 
employed. Roundhouses, stations and terminal warehouses are being 
designed either exclusively or in part of this material. 

In power developmc nt, not only the dams arc of com rcte, but the canals, 
penstocks, flumes, and the power stations themselves 

In water-works construction the use of concrete has extended to reservoirs, 
filter basins, tanks and conduits, and, in some of the recent works, concrete 
.with its imbedded steel for reinforcement is almost the only structural 
material. 

Even the farmer and the householder are utilizing concrete in various ways 
for barns, garages, chicken houses, floors, fences, silos, tanks, troughs, 
drains and many other of the small detiiis which make for economy, dura- 
bility and convenience. By mixing and placing the concrete according to 
the directions laid down in Chapter II and using sufficient reinforcement (in 
some cases ordinary fence wire is suitable), many an inexperienced man has 
built permanent structures of pleising appearance, hor reinforced con- 
crete work such as floors, voois and stairs, an engineer should be called 
upon to design the dimensicyis and reinforcement. 

Telegraph Poles. Wooden poles are being replaced in many localities by 
poles of reinforced concrete because of their greater durability. The Pennsyl- 
vania lines west of Pittsburg* have installed poles from 20 to 28 feef high, 
8 inches square at the bottom, tapering to 6 inc hes square at the top, with 
comers chamfered 2 inches. Holes are left in the pole for the brace and 
cross-arm bolts and also for the climber steps The reinforcement maybe 
( ^[reatest at the bottom and reduced above to allow for the lessening stress. 


* Concrete Engineeniig, July 1908, p. 189. 
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In 1907 Mr. Robert A. Cummings* made comparative tests of reinforced 
concrete and white cedar poles. The former were 13 inches square at the 
butt and 7 inches at the top, reinforced to withstand the weight of 50 wires 
all coated with ice to a diameter of one inch. These were stronger than the 
wooden poles of substantially the same size. After breaking, the ends of 
the concrete poles were held in a slightly inclined position by the reinforce- 
ment, while the wooden poles broke square off and fell to the ground 

Ties» Concrete ties of varied designsf have proved satisfactory for slow 
speed traffic, especially in yards and on turnouts. They also have been 
used to a certain extent on high speed track. One of the most important fea- 
tures is the connection with the rail which is generally made through a 
cushion block of wood. If the tie supports both rails, it must be reinforced 
in the center at the top to resist the negative bending moment. The ends 
of the ties should also be well reinforced to prevent breakage in case of derail- 
ment 

Road Beds. For tunnels, concrete roadbeds have been found economical 
because of the very great saving in maintenance expense 

Roundhouses. Reinforced concrete affords a durable and inflammable 
material for the structural portions and the roofs of roundhouses, while the 
walls may be built either of concrete or of brick. 

Cmder and Ash Pits. Concrete will stand as high temperature as will 
be given to it by hot ashes and cinders. 

Grain Elevators. By building of reinforced concrete the danger from 
fire is avoided as well as the necessity for constant repairs. 

Goal Pockets. For coal storage the strength and fireproofness of rein- 
forced concrete is bringing about its general adoption. 

Boiler Settings. Reinforced concrete boiler settings ha\ e been in success- 
ful use in several plants for a number of years The initial cost is prob- 
ably not less than brick but greater durability and freedom from repairs is 
claimed by the users of concrete settings. 

Double walls are required with an air space between. The inner wall 
may be about 5 inches thick and the outer about 6 inches, both thoroughly 
reinforced to prevent as far as possible the development of cracks Bars 
f-inch diameter, spaced 6 inches apart both ways, afford effective reinforce- 
ment The walls may be tied together at intervals with bars The rein- 
forcement permits building the setting to any shape over the boiler, although 
wherever it comes in contact with the boiler, a 3 inch layer of mineral wool 
should be introduced to allow for variation in expansion. 

Cement Age, Aug 1907, p. $41 

t Concrete Review^ 19081 published by the Association of Amencan Portland Cement Manu- 
facturers. 
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A fire-brick lining must be used. A thickness of 8 or 9 inches is more 
economical than a 4 j-inch lining because it can be replaced ^without dis- 
turbing the concrete. Spaces must be left at the ends of the iire-brick lining 
to allow for expansion. 

'Phe concrete should be as rich as j : 2:4 and the best aggregates are quartz 
sand and trap rock about 4 inch maximum size. For high temj)eratures 
gravel and limestone aggregates should be avoided. C'inders of first-class 
quality should make durable walls when mixed with sand and cement 
in rich pr()j)ortions. 

Fences. Pences have been built of .solid concrete, of mortar j)lastered 
on wire lath, of concrete rails set in concrete posts, and of concrete posts with 
galvanized fence wire between them. The last plan is the most common. 
P'or farm or division fences the length of posts may Ixj 7 feel, allowing 3 feet 
of this to set into the ground, and the size may be 5 or 6 inc hes scjuare at the 
bottom and 4 or 5 inches scjuarc at the to]) vnth J-inch rods in each corner. 
P'orms are easily made .singly or so as to mold .several jjosts at once. 

Silos. Silos of solid monolithic concrete built in circular forms may have 
walls 6 inches thick reinforced with A-inch bars bent to circles and placed 
12 inches apart. Occa.sional vertical bars are also necessary. 'Phe con- 
crete mu.st be mixed wet and placed very carefully so as to give a perfectly 
smooth interior surface, so .solid and den.se that the ensilage will not be dried 
out next to the wall. 

Greenhouses. (Ireenhoases thcm.selves, as well as the floors, tables, 
water troughs, hotbeds, and minor a|)purlcnances, arc being built of con- 
crete. The directions throughout the various chai)ters in this treati.se 
for structures of different clas.ses will ])e found to a[)j>ly to these details. 

House Chimneys. Chimneys for re.sidenccs may be of concrete if 
heavily reinforced, but the ex{)ense of forms usually will make them more 
costly than brick. 

Chimney caj)s t)f concrete should l)c well reinforced to j)revent cracking. 

Residences. Residences are built of .solid reinforced ct)ncrete; concrete 
blocks (see p.‘ 62q) ; concrete tile, plastered (.see j). 629) ; and mortar plas- 
tered on metal lath (sec p. 627). 

Solid or monolithic concrete is especially adapted to fine residences and 
permits unique architectural treatment. Eventually with the development 
and consequent reduction in cost of form construction, reinforced concrete 
may be more generally employed for dwellings of small and moderate size. 
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CHAPTER XXX 

CEMENT MANUFACTURE 

This chapter contains a short historical sketch followed by a brief out- 
line of the processes of modern cement manufacture, illustrated with views 
of typical machinery. 

HISTORICAL 

Fame must have been used by the Egyptians thousands of years before 
Christ, as the stones in the pyramids apparently were laid in ’mortar of 
common lime and sand. It is even thought by some that these ancients 
understood the princi[)le of mixing lime and clay together to make a real 
cement. 

Concrete was made by the Romans as early as severlil centuries before 
Christ. For most of their work, they used lime mixed with sand and stone, 
])ut understanding the value of puzzolana or volcanic ashes to render lime 
hydraulic, they employed these two materials in combination with the 
sand and stone for marine construction. P'or less important work, they 
often mixed lime and coarsely powdered l)rick with the aggregate. Vitru- 
vius, writing in the first century, describes methods of making concrete 
with lime alone, and also gives as the formula f'or making it of slaked lime 
and Italian ])uzzolana: 

12 parts of puzzolana, well pulverized. 

6 parts of quartz sand, well washed. 

9 parts of rich lime, recently slaked ; to which is added 
6 parts or fragments of broken stone, porous and angular, when 
intended for a ‘‘pise’^ or a filling in. 

In the Middle Ages concrete was employed, after the Roman fashion, for 
both walls and foundations. In the former it was generally laid as a core 
faced with stone masonry. Large stones w'cre often imbedded in the 
mass. 

The fact that clay contained in certain limes rendered them hydraulic 
was discovered by John Smeaton, when studying the designs for the third 
£ddy.stonc Lighthouse, about 1750. Early in the following century, 
Vicat, by his extended scientific researches in France, earned for himself 
the name of the founder of hydraulic chemistry. 
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In England, in 1796, James Parker made trom nodules of argillaceous 
limestone, calcined and ground, what he called Roman cement. This 
process he patented, and from it the Natural cement industry was developed- 
It was Joseph Aspdin, of Leeds, England, who really invented Portland 
cement by discovering in 1824 that an artificial mixture of slaked lime and 
clay, highly calcined, formed a hydraulic product. On account of its 
resemblance in color and hardness to the Portland stone which was much 
used in England at that time, he called his invention Portland cement. 
Two patents had been granted in England a few years before his time, 
but as in these the materials were not heated to vitrification, hydraulic 
lime instead of cement was produced. 

The Portland cement industry was not developed to any great extent 
until about twenty years after Aspdin’s discovery, when J. B. White & 
Sons in Kent, England, commenced its manufacture. Later, Mr. John 
Grant gave a great impetus to I^ortland cement manufacture by experi- 
mental studies upon the practical action of cements, rhortars and concretes 
under varied conditions. The results of his tests he presented to the In- 
stitution of Civil Engineers in 1866, 1871, and 1880. 

The first manufactory for producing Portland cement in France was 
established toward the middle of the last century at Boiilogne-sur-Mer. 
In Germany the first factory was erected soon after this, for the production 
of the Stettin Portland cement, and with such successful results that in 
1900 Germany produced more Portland cement Ilian an) other country. 

The discovery in the United States of a rock suitable for Natural cement 
was made in 1818 by Canvass White, an engineer connected with the 
construction of the Erie Canal, and Natural cement was made in Madison 
and Onondaga Co., N. Y., in that year. The first Natural cement in 
the Rosendale district was made at Rosendale, Ulster Co., N. Y., about 
1823. Mr. D. O. Saylor was the founder of the Portland cement industry 
in the United States. His discoveries were made in the Lehigh Valley. 
He experimented from 1871 to 1875 and marketed cement in 1875, 

PRODUCTION OF CEMENT 

The total production* of hydraulic cement in the United States for 1908 
was 52 910 925 barrels, of which 51 072 612 barrels were Portland cement, 

I (586 862 barrels were Natural cement, and 15 1 451 barrels were Puzxolan 
oi^filag cement. The average values per barrel were, for Portland cement 
JI01B5, for Natural, $0.49 and for Puzzolan, $0.63. 

‘ The superior quality of Portland over Natural cement and the increasing . 


* Edwin C. Eckel m The Cement Industry in the United States in 1908, 
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economy of its manufacture is evinced by a comparison of these figures 
with those of 1890, when only 335 S^o barrels of Portland cement were 
produced against 7 082 204 barrels of Natural cement. The imports of 
cement in 1890 were i 940 186 barrels, and in 1908, 842 i2x barrels. 

The production of Portland cement in the United States by individual 
States is represented in the following table. 


/Production of Portland Cenunt in tfte ITnited Statea in 1900 and 1908 by Stales 
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, 1008 

State 

ProfUn inu 
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Prmhtt jntt i 
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Illinoiei 

' 3 

210 442 

300 SS2 

5 

3 211 i68 

2 707 044 

New Jersey 

2 

T 160 212 

X 169 212 

3 

3 208 446 

2 416 009 

Michifcau 

6 

664 75o 

8.10 940 

i 5 

2 892 576 

a 556 aiS 

MNsuuri 




4 

2 929 5 o 4 

2 571 3)6 

Calif oriiia 

I 

44 56S 

89 130 

4l 


2 480 100 

3 268 196 

WasliiiiKtuii 




2 : 




New York 

8 

465 83a 

S82 390 

7 

1 988 874 

I 813 6^3 

Ohio 

6 

5.14 ai5 

667 769 

8 

7 521 764 

1 30S 2X0 

Iowa 




il 




Kontucky 




t 


I 3 o 5 25 i 

I 776 499 

Tennessee 




I 




Texas 

2 

36 000 

5 a 000 

2 1 


917 977 

924 039 

Oklahoma 




2 J 




South Dakota 

X 

38 000 

76 000 

r) 

L 

809 306 

X ©57 433 

Colorado 

I 

jS 708 

71 416 

3 J 

f 



Anaona 




I 1 


S07 601 

8o5 335 

Utah 

r 

70 000 

175 000 

2 1 

f 



Maryland 


« 


I 1 

1 



VirxiMiu 

j 

58 479 

73 099 

t 


502 22$ 

Six xxS 

Massachusetts 




* 

I 



Alabama* 




2 1 

L 

IT0 244 

274 995 

Oeorma* 




* 



Arkatisa^t 

1 

I 40 000 
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i__ ‘ _ 

400 

i ?oo 





So 
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1 9«_ 

j Si 072 612 

M 547 679 


♦Product id 1900 combined with Virginia. fProduet in 1900 combined with Missouri. 


About 40% of the total production in 1908 was in the Lehigh Valley 
of Pennsylvania and New Jersey, In 1900, 73 % came from that district. 

PORTLAND CEMENT MANUFACTURE 

Portland cement is made from a mixture of calcium carbonate and silicate 
ol alumina. 

The processes of manufacture differ with the natural state in which 
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these materials are found, but the operation consists essentially of (i) pul- 
verizing and mixing the two ingredients, (2) heating to a temjierature 
which is near tlic melting point,!, e., calcining, (3) grinding to a fine powder. 

If either of the raw materials occurs in a moist state it is generally cus- 
tomary to mix them wet, and after a preliminary grinding introduce them 
into the kilns. Dry raw materials for calcining or burning in the old style 
stationary kilns must be formed into plastic bricks with the aid of water, 
but the rotary kiln, invented in 1885 by Mr. Frederick Ransome, has revolu- 
tionized the manufacture of Portland cement by making it possible to intro- 
duce the mixed substances into the furnace, in either a dry or wet state, with- 
out hand labor. 

After calcination, the methods of grinding the clinker are independent of 
the character of the raw materials or the ty|)C of kiln. 

The Association of (lerman ( enient Manufacturers, to ]>rotect the good 
name of (lerman Portland cement, requires that its members shall sign 
the following:* 

The members of this Association arc permitted to l>ring into the market 
under the term of “Portland t'ement” only such material as is prepared 
fnmi an intimate mixture of lime and clay materials as essential ingredients, 
burning to sintering and subse(]uent grinding to the linest of Mour. They 
obligjite themselves not to recognize as Portland cement any material which 
is ])rci)ared otherwise than above .staled, or whi<*h during or after the burn- 
ing has been mixed with hireign bodies, and to look upon the sale of other 
material under the name of I\>rtland cement as deceiving the purchaser. 
These recpiirements arc not to forbid the addition of not more than three per 
cent of other material t() the Portland cement for the purpose of regulating 
the setting time. 

The members of the A.ssociation further obligate themselves to furnish 
Portlaml cement which will in all respects meet the re([uirements of the 
Prussian Minister of Public ^Vorks. 

When a consumer reipiires cement for a } particular purpose, coarser grounp 
than the reciuirements, or colored, its preparation is allowable. 

If a member of the Association olTends the above given (d)ligatic)n, he .shall 
be expelled from the Association His expulsion is made known ]uiblicly. 

The manufactured product of each member of the As.sociation is tested 
yearly in the laboratory of the .\ssociation at Karlshorst near Herlin; and the 
results are given out at the General Meeting of the Association. 

Raw Materials for Portland Cement Manufacture. The raw ma- 
terials, as stated above, consist es.sentially of calcium carbonate and silicate 
of alumina. Their exact proportions arc determined by their chemical 
composition. A usual ratio is about 75% carbonate to 25% silicate. 
Thie two substances occur in nature in so many forms that we have a 


* Quoted in Cement Age^ January 1909, q. 24. 
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large range of choice j’n raw materials. The following combinations are 
actually used in different cement manufacturing plants in the United 
States: 

Cement rock and limestone 

Limestone and clay. 

Limestone and shale. 

Marl and clay. 

Chalk and clay. 

Limestone and slag. 

Alkali waste and clay. 

Cement rock is an argillaceous limestone, rather soft in texture, which 
in the Lehigh Valley usually requires from io% to 20% of limestone to 
give it the correct Portland cement composition. Occasional deposits are 
found which are suitable to use with no admixtures, or from which the 
desired proportions may be obtained by mixing two different strata in the 
same (puirry. Several other States, among them tlie Virginias, Alabama, 
Colorado, and Utah, have a geological formation similar to that in the 
Lehigh Valley from whicli Portland cement is made. 

In the Hudson River X'alley, near (!!atskill, New York, are situated 
large manufactories employing a hard limestone which is nearly pure 
carbonate of lime, recpiiring 2o[ \. to 25^ J clay or shale and ])roducing a 
line ({uality of cement. A somewhat similar mixture is used in (California 
and in scattered localities in the Central States. 

The marl used for cement is a wet, calcareous earth, in some localities 
of organic origin from shell deposits, and in other places of chemical for- 
mation. 'Fherc arc large cement plants using marl and clay in we.stern 
New York, Ohio, Indiana, and Michigan. 

Chalk and clay deposits resembling those in England are worked in 
South Dakota, Texas, and Arkansas. 

Certain blast furnace slags similar to those used in the manufacture of 
Puzzolan cement, when combined with a suitable admixture of limestone, 
produce, after calcination, a true Portland cement. 

The waste from the manufacture of soda, when employing the ammonia 
soda ])rocess with .suitable raw materials, is substantially a precipitated 
chalk, and is burned with clay to ])roducc Portland cement.* 

Jn Germany the Alsen and Stettin brands arc made from chalk and 
clay, the Dyckerhoff and Mannheimer brands from limestone and clay, 
while the Germania and Hanover works use marl and clay. In F ngland 

• *8. B. Lathbury, Engineering Newsy June 7, 1900, p. 372. 
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raw materiaU consist principally of chaltand clay^ Belgium manufac^ 
turers use chalk and clay, and a Portland cement from natural rock is also 
manufactured in that country. In France, marl and clay, and chalk and 
clay, are the chief raw materials for true Portland cements. 

iThe character and proportioning of the raw materials and the processes 
of chemical combination are discussed by Mr. Spencer B. Newberry in 
Chapter VI. 

The following table illustrates the composition of various classes of 
materials which are used* for Portland cement, and also the resulting 
analysis of the cement in each case: 


Comparaiive Analysts of Raw Materials and Portland Cements, 



Cement Rock and 
Limestone. 

Limestone and 
Clay.« 

Marl and 

Clay. 

Chalk and 
Clay.* 
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1 

Cement.* 

Limestone. 

6^ 

6 
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« 

e« 
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1.30 
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Iron Oxide 
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1 

7.81 
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8.13 

1 

Calcium Oxide 

CaO 
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60.32 

52.15 

5.84 

63.50 

49.34 

0.65 

63.83 

54-95 
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60.76 

Magnesian Oxide Mg 0 

2.01 

1 

0.97 
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1.58 
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1.80 

0.44 

o.q6 

0 6q 


1.27 
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Sulphuric Acid 

SO3 



X.13 

0.30 

0.12 

1.50 

o.is 

0.49 

0.98 


»»So 

X.40 

Carbonic Oxide 

COa 

32.66 

43.94 
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39.16 
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} 7.47 

1.94 

Water 

HtO 




8.37 




8.oo< 



J 


Organic Matter 








7.50 




4.06 


Other Constituents 


} 





0.40 



Z.08 

0.85 

0.4s 

1 


Note. — Carbonates in raw materials, given in some of the analyses, h^ve been transformed into oxide. 

^ Cement Rock. Lehigh Valley Di.strict, Penn, aist Annual Report, U. S. Geological Survey. Pt.6, 

p. 404. 

* Pure Limestone, Lehigh Valley District. W. E. Snyder, Analyst. 

* Lehigh Valley Cement. Booth, Garrett & Blair, Analysts, 
i * Hudson River Valley. Mineral Indust^, Vol. 6, p. 97. 

{ W. H. Simmons, Analyst, 2 2d Annual Report, U. S. Geologic.Tl Survey, Pt. 3, p. 650. 

^ Shale. Mineral Industry, Vol. 6, p. 99. 

^ Michigan. W. H. Simmons, Analyst, sad Annual Report, U. S. Geological Survey, Pt. 3, p. 680. 

* Water, 23%. Analysis from David B. Butler, England. 

* Eittuary Mud. Roughly dried, lost 33}%. Analrais from David B. Butler, England. 

English Portland Cement. Analysis nrom David B. Butler, England. 

■ Processes in Portland Oement Manotactnre. The method of mhdng 
the materials in preparation for their introduction into the kilns has led to 

*The authors are indebted for these analyses of chalk and day to David B, Butler, of £a^ 
(and, who prepared them for this T^atise. 
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a classification of processes into (i) wet process, and (2) dry process. 
The former is often subdivided into wet and semi-wet, depending upon 
the quantity of water added at the time of the mixing. 

The wet process is employed with soft or wet materials, such as chalk 
and clay, or marl and clay. The carbonate of lime and the clay are 
mixed in a vat or wash-mill with a large excess of water. Agitators break 
up the lumps and so finely reduce the particles that they are held in sus- 
pension in the water and flow off over the toj) of the val. In another basin 
the stuff is allowed to settle, the water is drawn off, and the “slurry** 
becomes hard enough to handle in barrows and then form into bricks to 
be dried, and finally calcined in stationary kilns. 

By using a smaller quantity of water, say 40 or 45^^., the settling process 
and consequent hand-labor is avoided, and the material is made only 
fluid enough to handle in pumps. After grinding, it may be pumped 
directly into the rotaries, or, if stationary kilns are used, the pumps throw 
it to the drying room to be made into bricks. This process is called in 
England the semi-wet process, but as it is practically the only wet process 
used in the United States, it is here simply termed the wet process. 

The dry process was first used in (jermany as a result of the sub- 
stitution of limestone for the chalk of England. The two ingredients 
are ground and mixed in a dry state. If the kilns arc stationary, the 
mixed material must be moistened with sufficient water to form plastic 
bricks, which are then dried, but for rotary kilns no water is added, the 
mixture of dry materials passing, after being ground, directly into the kiln^ 

Dry Process with Rotary Kilns. The introduction of rotary kilns into 
new cement plants is universal, while many of the older mills are sub- 
stituting them for their stationary kilns. Where rock, or rock and clay, 
form the raw^ materials, they are mixed and ground, and introduced into 
the rotary in the form of a dry powder. If marl or chalk furnish the 
carbonate of lime, the wet process of mixing and grinding is usually em- 
ployed, as described on page 720, although in a few plants each of these 
materials is dried when entering the mill, and the operations are similar 
to those described below for rock mixtures, except that driers and dis- 
integrators are substituted for stone crushers. 

The process of manufacturing Portland cement from rock, or rock and 
clay mixtures, in plants equipped with rotary kilns, consists essentially of 
crushing the materials, — either separately or after mixing them, — dry- 
ing, grinding, calcining in the rotaries, cooling, grinding to powder, and 
packing. 

The details of the process will be best understood by briefly describing 
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the typical machinery shown in the illustrations. Various types and 
makes of grinding machinery will produce similar results, those selected 
being merely representative. 

If two stones of fairly similar texture and each of uniform composition 
form the raw materials, they may be carefully weighed and thrown to- 
gether into the breaker. Otherwise, they are treated separately, and mixed 
just before the grinding which precedes the calcination. A common type 
of breaker is the gyratory crusher shown in Fig. 78 on page 244, No. 5 or 
No. 6 being the usual size employed. This reduces the stone to a size 
varying from dust to about 2^ inch diameter. A further reduction in 
size to about J-inch is accomplished in plants of modern design by crack- 
ers of the coffee mill t>pe (see Fig. 229), or similar machinery. 

Clay, if used, is dried in broken lumps, and 
then maybe pulverized by passing it through a 
disintegrator consisting of two horizontal rolls, 
one corrugated or toothed and the other smooth. 

An economical form of dryer for ( lay or stone 
consists of a long revolving steel tube about 4 
feet in diameter, provided with shelves on its 
interior surface, formed by horizontal Z-bars. 
The hot gases from the kiln may be made to 
pass through the tube and meet the raw mate- 
rial. 

By treating the two materials separately up 
to this point, an extremely accurate mixture is 
obtained by weighing the ingredients in a pair 
of automatic weighing machines (see P"ig. 230), 
so arranged that one of the pair will not dump 
until both are charged. 

Samples of the two materials are taken, just 
before mixing, at definite periods throughout 
the day, and analyzed to determine the correct 
proportions. A partial analysis showing the quantities of the principal 
constituents may be all that is necessary except at occasional intervals. 
The maintaini^ng of correct proportions is one of the most essential ele- 
ments in the manufacture. 

Another grinding of the mixed materials in tube mills, Kent Mills, 
Griffin Mills, Fuller Mills (pp. 716, 717), or similar machines, to a f nenes.s 
which will pass a screen having 20 to 30 meshes per linear inch, com- 
pletes the preparation ior the rotary kibs. The actual fineness of the 



Fig. 329.— Coffee Mill 
Cracker. (See 
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ground stone at this point is such that 90% to 95% or even a higher per- 
centage will pass a screen having 100 meshes to the linear inch. Fine 
grinding before burning is one of the secrets of successful manufacture. 

The best type of rotary kiln (see Fig. 231) used for calcining dry 
2natetials, consists ot an inclined steel lube from 60 to 200 feet long. 
The diameter is generally 6 to 12 feet, though octasionally smaller than this 
t the up{)er end and tapering to the larger size at a point about one- 



1 Kt 230 —Tandem Automatic Weighing Machine (^ce p 7x2.) 


third of its length from the upper end The lining may be of U-shaped 
fire-brick in order to present, as a non-conductor of heat, a hollow sur- 
face against the shell of the rotary. The lower end of the rotary is 
closed by a stationary brick wall, and through 'the center of this passes 
a pipe which feeds the petroleum, or more frequently the powdered 
coal whi( h in a separate building is c rushed to pea size and pulverized in 
tube mills, or other pulverizing macliincsf so that about 90% passes a loo- 
mesh screen, the finer the coal the greater its eflicicncy. 

The ground stone may be fed into the upper end of the rotary by a spiral 
conveyor enclosed in a pipe which is watci jacketed so that the material 
will hot cake. The degree of calcination is governed by the supply of raw 
material, the speed of rotation of the rotary, whiclf rests on rollers geared 
to a speed-changing device, and the quantity of fuel. If coal is used for 
fuel, it is fed by a blast from a fan, and the quantity" is regulated by a spiral 
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conveyor running at 
changeable speed. The 
heat in the kiln is so intense 
that the coal bums as a gas 
without apparent smoke or 
cinder. The proper tem- 
perature, which is said to be 
2700° to 3000° Fahr., is de- 
termined by the appearance 
of the burning stone. At a 
certain point in its descent 
the material becomes semi- 
vitrified and forms into 
irregular balls or clinkers, 
which roll around and 
finally fall out red-hot at 
the lower end in particles, 
— most of which range in size 
c from sand to i-inch diame- 
U ter. The clinker, when 

1 j)ropcrly burned, is of a 
^ greenish black color with 
I. a faint glisten, and contains 
^ but few large pieces. It 

2 slightly resembles in ap- 
pearance the clinker often 
found among the ashes of 
hard coal. 

The output of a rotary 
varies with the length and 
diameter from 150 to 200 
barrels per 24 hours for a 
60 foot kiln to 1000 to 1200 
barrels, for a 158 to 200 foot 
kiln with a smaller coal con- 
sumption perbbl. 

The clinker, after being 
cooled in some form of 
cooler, is crushed by pass- 
ing between horizontal rolls 
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or through some other form of crusher, and is then^ ready for the fine 
grinding, or, if desired, it may be stored either out of doors or under cover 
until needed. Strangely enough, wetting the cinder does not injure it 
provided it is dry when it enters the fine grinders. 

The fine grinding is generally accomplished by passing the clinker 
through ball mills and then through tube mills, or by a single operation in 
such machines as the Griffin, Kent or the Fuller Mill. A section of a ball 



Fig. 232.— Ball Mill. />. 715.) 


mill is shown in Fig. 232. It consists essentially of a cylindrical drum, 
lined with castings of hard, tough steel, and containing forged steel balls 
8 or 10 inches in diameter. Rotation of the drum grinds the stone or 
clinker between the balls and the plates, and the powder passes through 
sections of screens — which for clinker have usually 20 to 28 meshes to 
the linear inch — into the hopper below. A single ball mill, such as is 
shown in sketch, running on clinker, should give an output of, say, S 
to 7 500 pounds per hour, 

A tube mill (see Fig. 233) consists of a long horizontal cylinder fillM 
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nearly to its axle with flint pebbles imported from Europe, which average 
about 2 to 3? inches in diameter The cement is ground by rolling around 
with the flints. It is then thrown by centnfugal force against the screen, 
which regulates the fineness of grinding and prevents the passing of pieces 
of *flfnt. A tube mill which ptisses, say, 250 barrels of cement per day, 




Fig. 2 ^ ^ Tube Mill (See ^71*;) 


will require the renewal of the flint pebbles at the rale of about 600 lb, 
per week More tube mills than ball mills, usuilly twice as many, are 
required foi the finish grinding 

The Griflm mill (see Fig 234) is used bj miny manufacturers in piefcr- 



Fio, a 34.— Gnffin Mill. (JSee p. 7 ^ ^ ) 


ence to bill and lube mills The 
mill IS drnen bv a hoiizontal 
pullc) , from the centci of which, 
b\ a unuersal joint, is suspended 
a virtual shaft haMng fixed at its 
lower extremity a crushing roll, 
which revolves on its axis at a 
speed of about 200 revolutions 
per minute, and also rotates by 
centrifugal force against the ring 
or die where the pulverizing is 
accomplished The material to 
be ground passes first into the 
pan below the crushing roll, upon 
the under side of which are shoes 
or plows which stir it up and fotce 
it up between the roll and the die. 


CEMENT MANUFACTURE ?17 

The cement or stone is so finely powdered that, held in suspension by 
the moving ah) it passes through a cylindrical screen above the roll, and 
falls through slots in the circumference of the pan into the hopper below, to 
be carried off by a conveyor. The screen in mills for grinding clinker is 30 
to 32 mesh to the linear inch but as it is placed vertically, it lets through 
only cement of such fineness that 75 to 80% of it will pass a soc-mesh sieve. 
The Kent pulverizer, shown in Fig 235, which is used in a few plants. 



Ii( 23s Kent AIill (Seep 717) 

consistsessentially of an upright circular case containing within it three rolls 
surrounded by a revolving nng Ihc niatenal is ground by passing be- 
tween the internal circumference of this nng and the rolls, whith are 
pressed against it by springs 

The Fuller- Lehigh mill, illustrated in Fig 236, has come to the front dur- 
ing the past few years as a fine grinder for gnnding coal, raw material 
and clinker. The material to be redu( ed is fed to the mill from an overhead 
bin by means of a feeder mounted on top of the mill This feeder is driven 
direct from the mill shaft by a belt running on a pair of three-step cones, 
which permits the operator to accommodate the amount of material enter- 
ing the mill to the nature of the material being pulverized 
The grinding is done by means of four unattached steel balls 12 inches 
in diameter, which are propelled by four equidistant horizontal arms or 


A TRFATISE ON CONCRETE 



j)ushers radiating from a vertical central shaft. The material discharged 
l)y the feeder falls between the balls and the die and is reduced to a finished 
product in one o])erati()n. Above the die and the balls and attached to the 
yoke propelling the balls, is a fan with two rows of fan blades, one above the 
other. The lower set of blades lifts the finished product from the pulver- 
bdng zone into the chaml)er above the die, where it is held in suspension until 


it is floated out through 
a screen by the fanning 
action of the u])])er row 
of blades. 'Hie luiished 
[)rodiict is then dis- 
charged through as])out 
which may ])e placed at 
any one of four quarters 
of the mill. When the 
mill is in o])(‘rati()n, it is 
contin ually handling 
only a limited amount 
of material at any one 
time. As soon as the 
material is reduced to 
the desired fineness, it 
is lifted out of the pul- 
verizing zone and dis- 
charged from the mach- 
ine. 

It is customary to 
store the cement in bulk 
and weigh it out into 
bags or barrels as re- 
quired for shipment. 



An automritic weighing Fio. 236.- -Tvehigh-Fuller Mill. (Socp.jiy.) 
machine similar to that 


shown in Fig. 230, page 713 (e.xcept that it is single instead of 
double), is a convenient apparatus for bagging. With this machine a 
weighing gang consists of three men. The nominal capacity of a single 
machine is 3 000 bags in ten hours, and the authors have known as many 
as 3 goo bags to be filled in this time. 

In outlining the cement machinery, no reference has been made to the 
methods for conveying the material from one machine to another. Bucket 
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conveyors, belts and spiral conveyors arc all more or less used. K spiral 
conveyor is a helical blade on a revolving shaft, set in a square oi circular 
tiough or tube\)f larger size than the spiral, so that the material packs 
around the circumference, and the blade comes in contact only with the 
powdered material. 

Plaster of Paris (calcium sulphate CaS04), or gypsum (CaS04 -f 2H2O) 
the same lance in crystalline form, is an important addition to cement 
as a regulator of its setting, and from i to 2% is used in nearly all Port* 
land cement manufactories. The gypsum must be added after the calci 
nation and before the final grinding, in order to insure the proper result 

The laboratory of a cement plant is an important feature. Not <mly 
must the chemical comjiosition of the raw materials and the finished 
product be analyzed (sec Ajipendix I) at freiiuent ])criods, but the cement 
must be mechanically tested for fineness, time of setting, tensile strength 
at seven and twenty-eight days, and, perhaps most important of all, for 
souiuiness. Most manufacturers use some form of the accelerated or hot 
lest, 'riiis is not only due to the fact that many engineers re(|uirc the ce- 
ment to pass an accelerated test for rece])tion, but because the chemists in 
ihc cement factories consider this test of great value in checking up the 
quality of cement. 

Wet Process with Rotary Kilns. The rotary or Ransome kiln was 
first used in England on wet material.^ Rotaries have been widely, in fact 
almost universally, adoiited in the United States for calcining dry materials, 
and more recently this iickl has been extendetl to use with slurry containing 
as much as 40^^ of water, which is pumperl into the end of the rotary and 
flried by the same flame used for calcination. With kilns of ordinary 
length, Mr. Ifenry S Spackman states* that at least 25^; more fuel is re 
rjuired for burning than with dry niatcrials, and the tcnifierature of the gases 
in the chimney is about 400° Fahr., one-third to one-half that from dry 
kilns. The product per kiln, according to Mr. Spackman, is not much more 
than TOO barrels per kiln, or about one-half the outt)ut with dry materials. 

Higher production than this has been attained by lengthening the kilns* 
so as to utilize more thoroughly the heat of the flame. J.engths of 70 to 
TOO feet are used, or a cylindrical kiln about 60 feet in length and 6 feet 
in diameter, lined with firebrick, is connected at its upper end with an 
independent drying tube 40 to’ 50 feet long of slightly smaller diameter 
and with no lining. A kiln 6 feet in diameter by 60 feet long, with a 54-inch 
by 50- foot dryer exten.sion, working on wet materials, has been known in cer- 
tain cases to give an average capacity of from 135 to 140 barrels per day.f 

^Proceedings Philadelphia Engineers* Club, April, 1903. 

Statement of Allis-Chalmers Co. to the authors. 
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In the XJhited States the raw materials most commonly employed in the 
wet process are marl and clay. The marl as it comes to the mill is broken 
up in some fornrof a disintegrator. The clay is dried and pulverized and 
is then mixed with the marl, which is about of the' consistency of thick 
cream, in a pug mill, or an edge-runner. (See Fig. 237.) 



Fig. 237. — Edge Runner, (bee p. 720.) 


In some cases the clay is ground and water is added to it before mix« 
ing with the marl. 

The mixed materials must now be ground wet before burning. This 
b often accomplished in mill stones, consisting of a pair of horizontal 
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stones the upper one of which revolves upon an upright shaft, or in wet 
tube mills closely similar to that shown in Fig. 233 on page 716. 

From the mills, it may be run into tanks, where it is sampled and its 
chemical composition exactly determined, and from there pumped into the 
ends of rotary kilns, which, as stated abo\ e, are usually made longer than 
those used in the dry process. 

Centrifugti' pumps may be employed for conveying the wet material, or 
if it lb too thick for these to handle, plunger pumps may be resorted to. 
A more recent s}stem of handling is by compressed air. 

After calcination the treatment is similar to that in mills where dry raw 
materials are used. 

Stationary Kilns. Before the introduction of rotaiy or revolving kilns 
all cement was burned in stationary kilns. Stationary kilns are of two 
general types (1) intermittent kilqs, which are completely charged and 
then burnc<l, and (2) continuous kilns, where the fire is maintained con- 
tinuously and the exhaust heat used to dry and heat the raw materials 
before burning them. 

The most common form of intermittent kiln is the Dome or Boiile 
Ktln, This consists of a single shaft into which alternate layers of moist 
bricks of cement slurry and coke are placed by hand and bunied. After 
cooling, the clinker is drawm out by hand through a door at the bottom, 
picked over to remove under burned clinker, — which is of a yellowish 
shade instead of black, — and clinker which has fused to fragments of the 
firebrick lining. 

The Johnson Kiln is a more ec onomical form of intermittent kiln. The 
slurry is placed in chambers, and dried by the exhaust gases from the 
burning of the pievious charge before being placed in the kilns. 

Of llie continuous kilns, the Hoffman Ring Kiln consists of severac 
chambers or furnaces around a central chimney. As the material in one 
furnace is burned, the heat passes around through the other furnaces so as 
to raise the temperature of the bricks in them and utilize the exhaust 
heat. 

In the Schoejer Kiln, which is also of the continuous type, the 
bricks and fuel are loaded from time to time into the upper end of the 
shaft, and pass down, increasing in temperature, through the flame, 
where the area is contracted, to be cooled below and drawn out at the 
bottom. 

The Dietzsch Kiln is of a somewhat similar type of construction, except 
f&at hand-labor is required in passing the dried material into the heating 
, tnamber. 
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Oomparison of Rotary and Stationary Kilns. Mr. Frederick H. Lewis* 
compares the three classes of kilns as follows: 


Quantity of Fuel 

Intermittent kilns 

Continuous shaft kilns 

Rotaty kilns 


15 to 30 bbls. per day 
40 to 80 bbls. per day 
120 to 250 bbls. per day 


Fuel in Terms of Clinker Produced 

Intermittent kilns require 25 to 35% of fuel (coke) 

Continuous shaft kilns require 12 to 16% of fuel (coal) 

Rotary kilns re(iuirc 22 to 40% of fuel (coal) 


The chief difference in cost between rotary and stationary kilns is for 
labor. In a rotary plant one sees the machinery running with only an 
occasional attendant, as no handling of the materials is ret^uired from the 
time they enter the mill unlil the cement is packed in ])iigs or barrels for 
shipment. In the stationary kiln plant, even if ])rick machines are used 
for molding the slurry, a great deal of hand labor is required, as the 
kilns must be loaded and cm])tied by hand. Mr. Lewis e.stimates the 
labor cost with continuous kilns to range from three to five times the cost 
with rotaries. 

NATURAL CEMENT MANUFACTURE 

The process of manufacture of Natural cement consists, in brief, of 
burning a natural argillaceous limestone at low heat and grinding it to 
powder. 'Lhe stone used in Kngland is very soft, in fact nearly as disin- 
tegrated as marl. 

Raw Material. Many of the limestones used for Natural cement con- 
tain a high ])roportion of magne.sia and an excess of clay, while others are 
nearly free from magnesia. It must be calcined at a temperature much 
below that re(juired for Portland cement or it will fuse to a slag which 
after grinding has no hydraulic properties. Suitable formations occur in 
many parts of the United States, one of the most noted being that found in 
the region of eastern New York where Rosendale cements are made. 
Sometimes the stone is taken entirely from one ledge, while in other cases 
mixtures of two strata are employed. Little attention is paid to the analysis^ 
of the rock, as there is a wide range in the required chemical composition 
of the product (sec p. 47), and the price at which Natural cement is sold 
does not warrant great refinement. 

Process of Manufacture of Natural Oement. There is less variety in 
the methods employed for producing Natural cement than for Portland. 


^Enginetring Record, Dec. 17, 1898, p. 47, and personal correspondence. 
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In a t3^ical pbnt, the stones, of about the size that would be required 
for a large crusher, are brought from the quarry in carts or cars and 
dumped directly into the top of the kilns, which are of boiler iron lined 
with firebrick. They have no chimneys, but are open at the top and of 
the same size throughout. Thick layers of stone are alternated with thin 
layers of pea coal. The clinker is drawn out at the bottom as it is burned. 

In the older ydants the burned clinker is crushed and then ground be- 
tween mill stones, while the newer mills use grinding machinery similar to 
that in Portland cement plants. When burnt, Natural cement rock Is 
more readily powdered than Portland cement clinker. 

PUZZOLAN CEMENT MANUFACTURE* 

Puzzolan cement is maclo in the United States from blast furnace slag 
mixed with slaked lime. In Europe, natural y)uzzolanic materials have 
been emjiloycd. 

The process of manufacture consists essentially of cooling the slag 
mixing it with slaked lime, and grinding to a very fine powder. 

Slag for Puzzolan Cement. For making j)ig iron a blast furnace is 
charged with a mixture of iron ores, fluxes (consisting of limestone, cither 
calcitc or dolomite) and fuel, in the proper chemical ])roj)orlions to pro- 
duce, after reduction by heat, products of definite chemical composition. 
These resulting products arc pig iron and slag. Any one unaccpiaintcd 
with metallurgy naturally thinks of blast furnace slag as a compound of 
iron. This is incorrect, as iron forms only a very small imy)urity. 

All slags arc not suitable for Puzzolan cement, as they ordinarily con- 
tain too high a percentage of magnesia and are often too high in alumina. 
The specifications for slag used in the manufacture of Steel Portland ce- 
ment are as follows :f 

Slag must analyze within the following limits : 


Per cent. 

Silica plus alumina, not over 49 

Alumina 13 to r6 

Magnesia, under 4 


Slag must be made in a hot furnace and must he of light gray color. 

Slag must be thoroughly disintegrated by the action of a large stream of cold water 
directed against it with considerable force. This contact should be made as near the 
furnace as is possible.” 

Mr. E. Candlot saysf *‘The slag must be basic; according to Mr. Tet- 

Mn investigation of the manufacture and properties of Puzzolan cement is given in Report of 
Board of Engineers, U. S. A., 1900, on Steel Portland cement. 

fReport of Board of Engineers, U. S. A., 1900, on Steel Portland Cement. 
tCiments et Chaux Hydrauliques, 1898, p. 15^. 
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majer, when the ratio - falls below unity the slag is useless; the 
SiOj 

ratio of alumina to silica mast be between 045 and 0.50. According to Mr. 
Prost, the composition of slags habitually used in the manufacture of Puz- 
zolan cepients must be nearly represented by the formula 2 SiOj, AljOj, 
3 CaO.»» 

, Mr. E. C. Eckel* gives the following analyses of slag and slag cement: 
Analyses oj Slaqs in Actual Use and Composition oj Slag Cements 

SI AG CCUtNT 


CONSTITUtNT 


Siih . 

AbOa 

FeO. 

CaO 

MgO 


CaS04 

S 

SOa 

Loss on ignition 
CaOl 

sioj 

AbOa 1 

SiOa J 

Process of Manufacture of Puszolan Cement. No kilns are required 
except for burning the lime. Molten slag as it flows from tlie blast furnace 
is granulated by coming in contact with a stream of cold water. This 
renders the product more strongly hydraulic, and most of tlie sulphur is 
removed as it strikes the water. As sent to the cement plant, it usually 
contains from 30% to 40% of water, and the first operation is to pass it 
through a dryer. The dried slag may or may not have a preliminary 
grinding* before adding the slaked lime. 

The lime is produced by burning a pure limestone, and then slaking it 
with water to which has been added a small percentage of caustic soda or 
other similar material, to make the resulting cement quicker setting. 
After drying, the slaked lime is mixed with the slag and ground in ball 
mUls and tube mills, or in other forms of fine grinding machinery, and 
Ijj^^ady for packing in bags or barrels for shipment. 

4 >MinrraI Resources of the United States, 1901. 
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CHAPTER XXXI 

references to concrete literature 

While this chapter is not a complete bibliography of concrete literature, 
it presents a comprehensive list of valuable books and articles relating to 
the subject. 

Under General References the names of authors are arranged al])ha- 
betically. The various subject headings under Subject References are 
also arranged alphabetically, and the references are printed in order of 
dates, the latest first. Articles arc usually described by their subject-mat- 
ter instead of giving their titles verbatim. In the case of similar articles 
priilted in two or more periodicals, preference is generally given to the one 
bearing the earlier date. For references to this treatise see the Index. 


ABBREVIATIONS 

The following abbreviations (most of which correspond to those adopted 
by the Engineering Index) arc employed: 

Ann, de Ponts et Chants, — Annales dcs Fonts ot Chaussdes. m. Paris. 
An/t, Riu Architectural Record. New York. 

Beton u, KiscnJ^BcUm und Eisen. Vienna. 

Can Eng. — Canadian Engineer. Montreal, Ckinada 
Cement and Enq, \rws. — Cement and Engineering News. C'hicago. 
Compter Rendus — Com|)tes Rendus de rAcademie dcs Sciences. Paris. 
Cmi, Eng, — (''oncrete Engineering. Cleveland, Ohio. 

Deiitsdie Ban. — Deutsche Rau/eitiing. Berlin. 

Eng, Cow/r. —Engineering Contracting. New York. 

Eng, Mag, — Engineering Magazine. New York & London. 

Eng, News, — Engineering News. New York. 

Eng, Rec, — Engineering Record. New York. ^ 

Gen, Civ, — Genie Civil. Paris. 

I71S, Eng, — Insurance Engineering. Boston. 

Int, Eng, Cong, — International Engineering C'ongress, St. Louis, 1904. 
Jour, Am, Chem, Soc, — Journal American Chemical Society. Easton» 
Pa. 

Jour, Assn, Eng, Sors, — Journal of the Association of Engineering So- 
cieties, Philadelphia. 

Jour, Fr, Inst, — Journal Franklin Institute. Philadelphia. 

Jour, W, Soc, Engs, — Journal of the Western Society of Engineers, 
Chicago. 

Munic, EngHg, — Municipal Engineering. Indianapolis. 

Oest, Monaischr, f, d, Oeff. Baudiensl, — Oesterreichische Monatsschrift 
fUr den Oellentlichen Baudienst. Vienna. 
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Pro. Am. Soc. Civ. Enf^s. — Proceedings of the American Society of Civil 
Engineers. New York. 

Pro. Am. Soc. Test. Mai. — Proceedings of American Society for Testing 
Materials. Philadelphia. 

Pro. Assn. Ry. -- Proceedings of the American Association of 

Railway Superintendents of Bri(lges and Buildings. New York. 

Pro. Engs. Club of P/iila. — Proceedings Engineers^ Club. Philadelphia. 
Pro. Engs. Soc. of W. Penn. - Proceedings of Engineers’ Society of 
‘ Western Pennsylvania. J^itlsburgh. 

Pro. Inst. Civ. - - Proceedings of the Institution of Civil Engineers. 
London. 

Ry. Eng. Rrv. — Railway Engineering Review. Chicago. 

R. R. Gaz. — Railroad Gazette. New York. 

Repl. Chief of Engs.y U. S. A. — Report of C'hief of Juigineers, U. S. A. 
Rept. Eng. Dept. — Report of luiginecring Department, W'ashinglon, 1). C. 
Rept. Met. \V. S. Board. — Report of Metro]K)litan W’atcr & Sewerage 
Board, Massachusetts. 

Revue Gen. des Chemins de Eer. — Revue (ienerale dcs Chemins dc Fcr. 
Paris. 

Rev. Tec li. — Revue 'rechni(|uc. — Paris. 

Schu'. Bauz. — Schweixerische Bauzeitung. Zurich. 

7Vr//. '-1 echnogra|)h. University of Illinois, (‘hampaign, 111. 

Tech. Qr. — Technology Quarterly. Boston. 

Trans. Am. Soc. Civ. Engs. — Transactions American Society of Civil 
lOngineers. New York. 

Trans. y\m. Soc. hlcch. Engs. — '^rransactions American Society of Me- 
chanical Engineers. New York. 


GENERAL REFERENCES 

*An asterisk prreeJes tiio rffcrcncc$ %hich arc csjH*ciall\' noteworthy. 


Andrcw.s H. B. rractioal Rcinforcr<l (mui- 
civirt iStHiiilartU foi tiu* Oo.siKn of Uem- 
foirod Ctwicrcto niiikiiiiKs. Simpson 
Hmis, Coipoiutioii, JtoMiiui, .Slass. 

Balet, Joseph W. \n;»lysjs ol Rlastic Aichp.*^. 

Turoc-hinKeil, rwo-iunj^cit :im(1 lJirpt*‘Irs.s, 
of Steel Ala.soniy and Heinfoieed (’on- 
eivtp. KiiKineeuipc New'. I’tililishmKru., 
New^ Vork. ivoS. 

*Eckel, Rdwin C. (’einents. J.in.ps .qnd Plas- 
feis. Their lUaterials, Manufaetuie and 
Vropertips, John Wiloy Sc S«nis, New 
VoiU, itiov 

*Fcrct, R, Kluile Kxpetimenfale du (Vineiil. 
Ar/iid. ( Jauthicr-Villafs, Taiis. igoo. 

♦I'cret. R. Chiniie Appliijud.*. Bawdry et. 
(’ip, Baris. 

(liflettc, H. P. Concrete (\)nstruetion. .Meth- 
ods and M. (\ (’lark l*iihli.'>hinK 

Co., (Miicnfro. Illinois. 

(iilbreth, F. Q. Concrete System, Knyineor- 
inK News Piih]ishin({ Co., New Vork, 
igoH. 

ItAwkesworth. J. Oraphietd Katuil)ook fur 
R« inforced (Vmcivtp OesiKn. I). Van 
Nu&traud, New Vork, 1907. 


Heidenrcich, E. Lee. Ihudupeis' l*f»elvptboolc 
ot Keuitoiced Cuneiete. M (’. (’lark 
Ihihlishin*: ('o., C.'iiea^o, Illinois, 

Kersten, C. Brweken m Kisenln'ton. j vol- 
umes, Wilhelm Krnst & Sohn, Beilin, 
igog. 

*Marsh, C. F., and Dunn, Wm. lieinforeed 
(’onetvte, T*iinl Edition. 1 ). Van Nos- 
trand, New Vovk, lyo;. 

*illorsch, F'jnil. Der l')isenbptonl>an-Spino 
Theorie imd Niiwonduiwi:. Konrad W’ltt- 
^ wer, Stiitti;ai-t, (a'iman.v, igoS. 

Rcid, Homer A. (\>nerptp ami Rpinforced 
('oiierete ('oust rue* ion. M. C. Clark 
PuhlishiiiK (’()., New Vork, xyo6. 

Reuterdahl, Arvid. Theory of Praetice wf 
Reiiiforeed (’onerete Arches. ,M. C. 
Clark Buhlishiiij; (V>., ChieaKo, Illinois, 
igoS. 

Taylor, W. Purves. Practical Cement Test- 
iii:'. Myr«»n C. Clark Puhlishinj; ('’o., 
Nev\ Vork. 190S. 

Taylor, Frederick W. and Thompson, ^itford 
L. A Treati^'C on_ C’oiicrele, riuiii and 
Reinforced, 2d edition, Jolm Wiley & 
buns. New York, 1909. 
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*Turnefiui^, Prof. F. E., and Maarer, Prof. E. R. 

Principles of Reinforced Concrete Con- 
struction. John Wiley und Sons, New 
York, 1909. 

Twelvetrees, W. N. (\>ncrote Steel. Mac- 
millan Co., New York. 
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Bridges 



Max. 

Max. 

Oowii 


span 

rise 

thickness 

Loeat ion 

ft. 

ft. 

ft. 

Switzerland 

259 

87' 

4' 

43d St., Phila. 

j5o 

53 

3 

C. B. Jk Q. R. R. 

Trestles 

Delaware River 

iSo 

40 

6 

D. L. A W. H. R. 

Paulins Kill 

T 30 

60 

6 

D. L. & W. R. R. 

Grantl River 

160 

71* 

7 

L. S. A M. S. Ry. 

Ciiiiiberland Valley 
Ry. 

Wyoming Ave., Phila. 

Harrisburg, Pa. 

too 

32 

5 

90 

28 


Viaduct 

Maumee. Waterville, 

90 

35 

2 

Ohio 

Sandy Hill, N. Y. 

60 


*•5 

Walnut Lane 

*33 

70 

51 

Phila. 

Paterson, N. J., 

54 

2.d 

1.8 

Plainwoll, Mich., 

54 

8 

1.3S 

Waterloo, Iowa, 

72 

7.3 

X.18 

Yellowstone River, 

130 

x5 

3.0 


Reinforcement 
Longitudinal Jc trans- 
verse bars 
Double steel arch 
ribs 


Authority 
Ung, Newtt, Aug., 
1909, p. 133. 

Eng. .Veres, May, 
1909, p. 5 . 10 . 
Enff. Xav8, May, 
1909, p- 546. 
Eng. Rec,, .\pr., 
1909, p. 543. 


Longitudinal A trans- 
verse bare 
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Horizontal longitudinal 
rod.s in spandrel 
walls. No other 
reinforcement 


Eng. Rec., Apr., 
1909, p. 541. 
Eng. Rcc., Apr. & 
May, 1909. 

Eng. Nnrs, Apr., 
1909, p. 377. 
Ejig. Rec., Feb., 
1909. p. 233. 


Longitudinal & trans- 
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Ribs, angle liars, 
latticerl 
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1 1 ribs about 
4 ft. apart 
4-ineh 6-lb. chan- 
nels 1.9 ft. apart 
Steel Ribs 

Lattice girders 


Eng. Rec., Aug., 
1908, p. 238. 
Cement, .*\ug., 
1908, p. 116. 
Tr/tn$. A m. Eoe. 
Ciy.Engrs., Vol. 
LJX, p. 195. 
Eng. New», Jan., 
*907, p. 117. 
Eng. Rec., Sept., 1904, 
• P- 303 
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p. 4S6 

Eng. Rcc., Feb., 1904, 
p^ 18S 

Eng. Xewe, Jan., 1904, 
p. 35 
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LocatiofL 

Max. 

T 

Max. 

rise 

Crown 

thickness 



ft. 

ft. 

Reinforcement. 

Authority 

Plano, m., 

75 

38^ 

3 

r and y cor- 
rugated bars 

Eng, Rec,, Jan., IQ04, 
p. 18 

Edwin Thacher, 1904 

3rd St., Da>ton, Ohio, 

ITO 

14-35 

a.i 

Mclan. 4 angles, lat- 
ticed 

Melan, 4 angles, lat- 
ticed 

Thachcr. rods near 
top and bottom 

Newark, N. J., 

13* 

16. a 

3 

Edwin Thachcr, 1904 

Kankakee, 111., 

73 

8.4 

1.33 

Edwin Thacher, 1904 

Mishawaka, Ind., 

no 

*4 

a 

Melan, 4 angles, lat- 
ticed 

F^lwin Thacher, 1903 

Prospect Avc., N. Y, 

8s 

8i 

a.as 

Corrugated bars 

Eng, News, Dec., 1903, 
p. 588 

Eng. News, Oct., 1903, 

Riverside, Cal., 

87 

36 9 

3-S 

None 

Leominster, Mass., 

4S 

6.25 

x.t 

Round rods 
anchored 

J. ll. Wbrresler, 1903 

Des Moines River, 

100 

28 

1.67 

Melan 

Cement, ]n\y, 1902, 
p. 200 

Zanesville, Ohio, 

122 

IT.S 

a.S 

rxs" bars 

Eng. News, March, 

1902, p. 261 

Concord, Mass., 

66 

7 

1. 1 

None 

J. R. Worcester, 1901 

Lapsing, Mich., 

X20 

*3 

2 

Melan, 4 angles, lat- 
ticed 

iCdwiii 'rhacher, 1901 

South Dcnd, Ind., 

lOO 

IX 

3-5 

Melan, 4 angles, lat- 
ticed 

Edwin Thacher 

Chatellerault, France, 

164 

15-7 

1-7 

Hennehique 

Revue Gen . des C'hcmins 
de Fer, Dec., igoi 

Kirchheim, Germany, 

124.6 

18 

2 6 

None 

Eng. News, Oct., ■jSgg, 
p. 246 

Eng. News, Sept., 1899, 
p. J79 

Germany, 

132 

14.7 

0 8a 

Mttnicr 

Swit/4:!riand, 

1*8 

11 

0.56 

Monier 

Eng. News, Sept., 1899, 

Southern Ry., Austria, 

33.8 

3.3 

0.5 

Monicr 

p. 179 

Eng. News, Sept., 1899* 

Topeka, Kan., 

135 

T2 

X.8 

Mel.in l)cains 

p* T / 0 

Eng. Rec., April 16, 1898 

InzigkofcMi, Germany, 

140 

14-5 

3.3 

33 000 lb. cast iron 

Eng. Ni'ws, Sept., 1896, 
p. 178 

Inst Civ. Engs., V. iipr 

Munderkingen, Germany, 164 

16.4 

33 

None 

Cincinnati, Ohio, 

70 

10 

1.25 

Melan beams 

][K 32^ 

Eng. News, Oct., 1895, 

p. 314 

Maryborough, Queensl’d 

50 

4 

1.25 

Steel rails 

Engng., London, May 
10, 189s. p 39.5 

Inst. Civ. F.ng.s.,V., 114, 

Ncuhliusel, Hungary, 

55.78 

3.7 

0.8a 

Skeleton girders 

Philadelphia, Penn , 

35-3Q 

6.5 

3 

li'^mesh, t'wire 
netting 

p. 40a 

Eng. News, Sept., 1893, 
p. 189 


Buildings 


Reinforcocl Concrete Dome of Porto Rico 
(Capitol. Kn(C Hec., May 1909, p. S7H. 
Raxter Ruildiiin, Portland, Me. Kiik. llec., 
Apr., 1909, p. 492* 

Bradford, A. M. Mill Building of Cement 
Brick, Plymouth (^urdage Company. 
Average Cost 1 2 per cent Less than Clay 
Brick. Kng. News. Mar., 1909, p. *88. 
Perry, J. P. H. Cold Storage Warehouses. 

Kng. News, Feb., 1909, p. *09. 

Mill of AudnMCoggin Pulp Company. Eng. 

Uec., Feb., 1909, p. 190. , 

Christopher Warehouse, Jacksonville, I* la. 

Eng. Uec., Jan., 1909. p. 72- ^ 

Mason, W. H. Methods an<l Costs with 
Separately Molded Members. Nat. A8.sn. 
Cem. Users, Vol. IV . ,190^ p. 48. 

Repairs at Pumping Station, Evansville, Ind. 

Great'^^^^e^tm-’n Railway ’l?rejgl?t Terminal. 
England. Eng. News. Dec., 1908. p. 
6a9* 

♦An asterisk precedes the references 


Cost of Walls at Camp Pei ry, Ohio. (^mc. 

Eng., Sept., 1908, ri. 249. 

Torrey liiiliding, Boston, Mass. Krig. Rec., 
Sept., 1908, p. J19. 

Sugar Warehouse, Detroit, Mich. Eng. Hoc., 
Sept., 190S, i>. 260. 

Construction with Reinforced Concrete .loints. 

Coil. Eng., Aug., 1908, p. 214. 

Reinforced Coiiciete Mausoleum. Cone. Eng, 
July, 1908, p. 183. 

New Orleans Court House. Eng. News, July, 
190H, 1). j. 

Cliiiniiey of Colusa-Parrott M. »<r 8 . Co., Butte, 
Mont. Eng. Rec., June, 1908. p. 7^5. 
Chiiiiiiey at (himbcrland .Mills, Me. Eng. 
Roc., May, 1908, p. 

Ilostetter Building. Pittsburg, Pa. Eng. 

News, May, 1908, p. 5*1. 

First National Bank Building, Oakland, Cal. 

Eng. Rec., May, 1908, p. 64 H. 
Bostwick-Braun Building, 'roledi^, O. Eng. 
Rcc., May, 1908, p. S7S. 
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Cantilever Girders in the Boyertown Build- 
in k, Philadelphia. Kn^. NewH, Apr., 
1908, t>. 447. 

Phelps PubliMtung Co. Building, iSprinAcfield, 
Mass. Kna. Jtec., April, 1908, p. 459. 
Burr. W. H. Thirty-ninth Street KiiiklinR, 
New York. Truns. Am. Soc. Civ. Knfcr., 
Vol. I<X, p- 44.t - 

Harwood, S. Q. Wisconsin (Vntral Itailway 
OetKit, Minneujiolis, Minn. Kiik. Kec., 
March, 1008, p. ?94-. 

Foundry Building at Moline, 111. Kritf. Ree.. 
March, 1908, p. 297. 

Cement Stock House near Mon tivnl, (Canada. 

Enpj. Uec., Fob. 190K, p. i5«j. 

Westport J*ower H«nifle, Baltimore, Md. 

lOnsc. Ree., Feb., 1908,0. ii6. 

Terrell. C. E. OaruKe, Wfiite IMains, N. J. 

lOnff. News. Dee., 1907, p. Oj.}. 

St. Mark ilolel, Oakland, ('ul. Kni?. Uec., 
Dee., 1907. p. 68ft. 

Newark Wareliouse (Ui., New.'irk, N. J. Eng. 

Jlee., Aug., 1907. p. i 52. 

Chateau dcH Beaux Arts on Huntington Bay, 
Long Lslnnd. Eng. Uee., Aug., 1907. P- 
186. 

Separately Moulded Members Edison Portlanil 
OmenttJo. Building, New Village, N..I. 
Eng. News, July, 1907. P- 
R. II. H. Steel Laundry' Building, Newark, 
N. J. Eng. Ree., June, 1907. ?». 077. 
Burleigh, W. P. Murphy Varnish Co. BiiiM- 
ing, Newark, N. J. Eng. Ree., May, 
1907, p. 5S.S. 

Holy Angels Sehool, Buffalo, N. Kng. 

Uee., April, 1907, p. 49 «• 

Ketterlinus Lithogtaphie Manufacturing C*o. 
Building, Phila. Eng. Rec., heb., 1907, 

p. 128. 


Eagle Warehouse and Storage Co. Building 
Brooklyn, N. V. Eng. Rec., Jan., 1907 

MarlCorough Apartment House, Baltimore, 
Md. Eng. Uee. .Ian., 1907. P- 99< 

Derfel Tng. Unb. A Print Mill Building, 
Bnlnn, Germany. Beton u. Kisen, Heft 

I, 1907, p. TO. 

Hotel Traynuire, Atlantic City. N. J. Flrig. 

Rec.. Nov., 190ft, p. Saj. 

Cadillac and Packard Automobile Shops, 
Detniit, .Mich. Eng. Rec., Nov., 190ft, 
p. 544- 

Traders Paper Bond Co. Building, Bogota, 
N. J. Eng. Ree., Get., igoft, p. 457- 

A. T. Sr S. F. Railw’ay Station. Eng. News, 

Sept., 190ft, p. 24ft. 

Marlborough Hotel Annex, Atlantic City, 
N. .1. Eng. New.s, March, 1906, p. a.5i. 
Taylor ft: Wilson Manufacturing Co. Building, 
McKees Hocks, Pa. Kng. Ree., Dec., 
1905. p. 695. 

B. T. Babbit \Vorks, Jersey (Mty, N. J. Eng. 

Ree., Dee., igoS. p. 717. 

North West Knitting Co. Building. Minne- 
apolis, Minn. Eng. News, .Inne, igoS, 
I>. Sg.t. 

Concrete Medical Laboratory, Brooklyn, Navy 
Yard. Eng. News, March. igo5 p. .110. 
Masonic Tempi'* Building. Tol'xlo, Ohio. Eiig. 

News, .March, 190.S, p. 28 7. 

United Slioi' Machinery Shops, Ilcverly, Mass., 
Eng. Rec., Mareli, ioo5, p. 257. 

Bilgrnm Maehine Shop, Philudelpliia. Eng, 
Rec., Feb., ioo5, p, 136. 

(Miapel of the United States Nnval Acmlemv, 
A inaiiolis. Eng. Rec., Jan., igoS, p. ^ft. 


♦Stadium. Athletic field of Harvard University. 
L. J. Johnson, Jour. A.ssn. Kng. Socs., June, 
1904, t). 203. 

•Store huiUling, Chicago, III. Kng. Rec , June, 
»0O4, P 7».t- 

Chimney reinforced with T-liars, Zeiglcr, 111. 

Eng. Kcc., May, 1904, p. 6ft 1. 

♦Kelly & Jones Companv’.s facf<»ry IniiKling. F.ng. 

Rcc., Feb., 1904, pp. 153 ami 105. 
Lighthou.se' at Niiolaicff, Ru.ssia. Kng. Rec., 
Jan., 1^4, p. 100. 

♦Factory building. Long Island City, N. Y. Kng. 
Rcc., Jnn„ 1904. P- 67 - 

College of Music, Cincinnati, Ohio. Kng. Rcc., 
Nov.. 1003, p. ftftft. 

•ITie Filtration w<irks of the Fast Jersey Water 
Supply ComjKiny, Little Falls, N. T. G. W. 
Fuller, Tran.s. Am. Soc. Civ. Eng., Vol. L, p, 
3Q4* 

♦Ingalls Duilding, Cincinnati, O. Eng. Rec., May, 
*903. P- .S 40 - 

Robert A. Van Wick Laliuratury, New York. 

Cement, Sept., 1901. p. 203. 

Elevator, KulTalo, N. Y. C. R. Neher, Jour, 
Assn. Eng. Socs., .\pril, 1901, p. 275. 

Nassau County Jail, Lting Island. Cement, 
March, 1901, p. 37. 

Mediaival Castle of BadajtH, Sp:iin. G. L. Sut- 
cliffe, Concrete, 1893, p. 5 
St. James's Church, Brook.l>n, N. Y. Cement, 
Nov., 1900, p. igft. 

Singer Manufacturing Co’s. Buildings and Chim- 
neys. Cement, J^pt., 1900, p. 162, and May, 
igor, p. 88. 

Office Building, Washingon, D. C. A. L. Harris, 
Cement, ^pt., iqoo, p. 155. 

Library Building at University of Virginia. Roes 
F. Tucker, Cement, March, 1900, p. a6. 


•Chimney of Pacific Electric Rv., T.os Angeles, 
Calif. J. D. Sdiuxler, Cement, March, 
1903, p. 36. 

Chimney of the Laclede Fire Brick .Manufacturing 
Co., St. Louis, Mo. ('ement, .March, 11^3, 
P- .37. 

Dome on Yale University Building, New Haven, 
Conn. Cement, March, 100 p. is. 

Str.ishurg Music liall, Strashurg. Beton & 
Eisen, Til Heft, 1003, p. 140 

Sahation .Army Building, Cleveland, Ohio. Ce- 
ment and Eng. News, J.in., i()Os, p. 10. 

Cold Smrage Pl.int, Okl.ilioma ('ity, Okla- 
homa. Cenu'nt and Emg. News, Jan., 1Q03, 
P «• 

Arnand Aixirtment House, Paris. Jean Shopfer, 
Arch. Rcc., Aug., 1902. 
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APPENDIX 1 

METHOD SnOOESTED FOR THE ANALYSIS OF LIMESTONES, 
RAW MIXTURES, AND PORTLAND CEMENTS BY THE COM- 
MITTEE; ON UNIFORMITY IN TECHNICAL ANALYSIS OF THE 
AMERICAN CHEMICAL SOCIETY, WITH THE ADVICE OF 
W. F. HILLEBRAND. 

Solution: Onc-half gram of the finely powdered substance is to he 
weighed out and, if a limestone or unburned mixture, strongly ignited in 
a covered platinum crucible over a strong blast for 15 minutes, or longer 
if the blast is not powerful enough to effect complete conversion to a cement 
in this time. It is then transferred to an evaporating dish, preferably of 
platinum for the sake of celerity in evaporation, moistened with enough 
water to prevent lumping, and 5 to 10 c. c of strong TICl added and digested, 
with the aid of gentle heal and agitation, until solution is completed. 
Solution mav be aided by light pressure with the flattened end of a glass 
rod.* The solution is then evaporated to dryness, as far as this may be 
possible on the steam bath. 

Silica: The residue, without further healing, is treated at first with 5 to 

10 c. c. of strong HCl which is then diluted to half strength or less, or upon 
the residue may be pourpd at once a larger volume of acid of half strength. 
The dish is then covered and digestion allowed to go on for 10 minutes 
on the bath, after which the solution is filtered and the separated silica 
washed thoroughly with water. The filtrate is again evaporated to dry- 
ness, the residue, without further heating, taken up with acid and water 
and the small amount of silica it contains separated on another filter 
paper. The papers containing the residue are transferred wet to a 
weighed platinum crucible, dried, ignited, first over a Bunsen burner 
until the carbon of the filter is completely consumed, and finally over 
the blast for i minute and checked by a further blasting for 10 minutes 
or to constant weight. The silica, if great accuracy is desired, is treated 
in the crucible with about 10 c. c. of HFl and four drops of H2SO4 and 
evaporated over a low flame to complete dryness. The small residue is 
finally blasted, for a minute or two, cooled and weighed. The difference 

*lf anything remains undecomposed it should hr separated, fused with a httle Na^Os, dissolved 
and added to the original solution. Of course a small amount of separated non-gelatinous silica 

11 not to be mistaken for undecomposed matter. 
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between this weight and the weight previously obtained gives the amount 
of silica.* 

AljOg and FegOg*. The filtrate, about 250 c.c., from the second evapo- 
ration for SiOg, is made alkaline with NH4OH after adding HCl, if need 
be, to insure a total of 10 to 15 c.c. strong acid, and boiled to expel excess 
of NHg, or until there is but a. faint odor of it, and the precipitated iron and 
aluminum hydrates, after settling, are washed once by decantation and 
slightly on ,the filter. Setting aside the filtrate, the precipitate is disoolved 
in hot dilute HCl, the solution passing into the beaker in which the precipi- 
tation was made. The aluminum and iron are then re-precipitated by 
NH4OH boiled, and the second precipitate collected and washed on the 
same filter used in the first instance. The filter paper, with the precipitate, 
is then placed in a weighed platinum crucible, the paper burned off and 
the precipitate ignited and finally blasted 5 minutes, with care to prevent 
reduction, cooled and weighed as AljOg FcjOg-t 

FegOg.* The combined iron and aluminum oxides are fused in a platinum 
^ crucible at a very low temperature with about 3 to 4 grams of KHSO4, or, 
better, NaHS04, the melt taken up with so much dilute H2SO4 that there 
shall be no less than 5 grams absolute acid and enough water to effect 
solution on heating. The solution is then evaj)orated and eventually 
heated till acid fumes come off copiously. After cooling and redissolving 
in water the small amount of silica is filtered out, weighed, and corrected 
by HFl and H2S04.t The filtrate is reduced by zinc, or preferably by 
hydrogen sulphide, boiling out the excess of the latter afterwards while 
passing COj through the flask, and titrated with permanganate..? The 
strength of the permanganate solution should not be greater than .0040 gr. 
FejOg per c.c. 

CaO: To the combined filtrate from the AlgOg -f FegOg precipitate a few 
drops of NH4OH are added, and the solution brought to boiling. To the 
boiling solution 20 c.c, of a saturated solution of ammonium oxalate is 
added, and the boiling continued until the precipitated CaC204 assumes 
a well-defined granular form. It is then allowed to stand for 20 minute^, 


*For ordinary control work in the plant laboratory this correction may, perhaps, be neglected, 
the double evaporation never. 

fThis precipitate contains TiOa, F2O5, Mn 304 . 

{This correction of AI2O3 Fe203 for silica should not be made when the HFl correction of the 
main silica has been omitted, unless that silica was obtained by only one evaporation and filtra- 
tion. After two evaporations and filtrations 1 to 2 mg. of Si03 arc still to be found with the AI2O3 
FesOs. 

§In this way only is the influence of titanium to be avoided and a correct result obtained for 
iron. 
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or until tho precipitate has settled, and then filtered and washed. The 
precipitate and filter are placed wet in a platinum crucible, and the paper 
burned off' over a small flame of a Bunsen burner. It is then ignited, 
redissolved in HCl, and the solution made up to loo c.c. with water. 
Ammonia is added in slight excess, and the liquid is boiled. If a small 
amount of AI3O3 separates, this is filtered out, weighed, and the amount 
added to that .found in the first determination, when greater accuracy is 
desired. The lime is then re-precipitated by ammonium oxalate, allowed 
to stand until settled, filtered, and washed,* weighed as oxide by ignition 
and blasting in a covered crucible to constant weight, or determined with 
dilute standard permanganate.f 

MgO; The combined filtrates from the calcium precipitates arc acidified 
with HCl, and concentrated on the steam bath to about 150 c.c., 10 c.c. 
of saturated solution of Na (NH4)HP04 are added, and the solution boiled 
for several minutes. It is then removed from the flame and cooled by 
placing the beaker in ice water. After cooling, NH4OH is added drop by 
drop with constant stirring until the crystalline ammonium-magnesium 
ortho-phosphate begins to form, and then in moderate excess, the stirring 
b*'‘ing continued for several minutes. It is then set aside for several hours 
in a cool atmosphere and filtered. The precipitate is redissolved in hot 
dilute HCl, the solution made up to about 100 c.c., i c.c. of a saturated 
solution of Na(NH4)HP04 added, and ammonia drop by drop, with con- 
stant stirring until the precipitate is again formed as described and the 
ammonia is in moderate excess. It is then allowed to stand for about 
2 hours when it is filtered on a paper or a Gooch crucible, ignited, cooked 
and weighed as Mg2P207. 

K2O and Na20: For the determination of the alkalies, the well-known 
method of Prof. J. Lawrence Smith is to be followed, either with or without 
the addition of CaCOj with NII^Cl. 

SO.,: One gram of the substance is dissolved in 15 c.c. of HCl, filtered 
and residue washed thoroughly.}: 

The solution is made up to 250 c.c. in a beaker and boiled. To the 
boiling solution 10 c.c. of a saturated solution of BaCl2 is added slowly 
drop by drop from a pipette and the boiling continued until the precipitate 
is well formed, or digestion on the steam bath may be substituted for the 


♦The volume of wash water should not be too large. Vide Hillebrand. 
fXhe accuracy of this method admits of criticism, but its convenience and rapidity demand its 
insertion. 

{Evaporation to dryness is unnecessary, unless gelatinous silica should have separated and 
should never be performed on a bath heated by gas. Vide Hillebrand. 
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bailing. It is then set aside over night, or for a few hours, filtered, ignited,, 
and weighed as BaS04. 

Total Sulphur: One gram of the material is weighed out in a large 
platinum crucible and fused with NagCOj and a little KNO^, being careful 
to avoid contamination from sulphur in the gases from source of heat. 
This may be done by fitting the crucible in a Hole in an asbestos board. 
The melt is treated in the crucible with boiling water and the liquid poured 
into a tall, narrow beaker and more hot water added until the mass is 
disintegrated. The solution is then filtered. The filtrate contained in a 
No. 4 beaker is to be acidulated with HCl and made up to 250 c.c. with 
distilled water, boijed, the sulphur precipitated as BaS04 and allowed' to 
stand over night or for a few hours. 

Loss on Ignition: Half a gram of cement is to be weighed out in a plati- 
num crucible, placed in a hole in an asbestos board so that about § of the 
crucible projects below, and blasted 15 minutes, preferably with an inclined 
flame. The loss by weight, which is checked by a second blasting of 
5 minutes, is the loss on ignition. 

May, 1903: ^ 

Recent investigations have shown that large errors in results are often 
due to the use of impure distilled water and reagents. The analyst should, 
therefore, test his distilled water by evaporation and his reagents by ap- 
appropriate tests before proceeding with his work. 
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rORMULAS FOR REINFORCED CONCRETE BEAMS* 

Direct working formulas suited to all ordinary cases of reinforced concrete 
design are presented in Chapter XXI. The analytical methods of deduc- 
tion, however, are omitted there in order to make the book handier for 
every day use and are presented in this Appendix. 

These formulas cover all the usual conditions occurring in practice 
and in theoretical treatment of beam design, as follows: 

(1) Rectangular beams with steel in bottom, assuming that concrete 
bears no tensile stress. • (See page 751.) 

(2) T-shaped section of the beam, for use in combined beam and 
slab construction. (See p. 754.) 

(3) Beam with steel in both top and bottom, for use in connection with 
the design of a continuous beam at the supports and other special cases. 
(See p. 757.) 

(4) Beam with steel in bottom and concrete assumed to bear tensile 
stress, for theoretical use in determining accurate stresses at early stages 
of loading. (See p. 760.) 

(5) Beam with compressive stress varying as a parabola, to illustrate 
a method of computation occasionally used. (See p. 762) 

The first three of these analyses are for common use and follow the 
recommendations of the Joint Committee on Concrete and Reinforced 
Concrete. This fact has necessitated no changes in the analyses in the 
first edition of this treatise except in the adoption of the new standard of 
notation. 

As stated in Chapter XXI, the straight line theory, — that is, ithe thebry 
in which the modulus of elasticity of concrete in compression is assumed 
to be constant within usual working limits, — is adopted as the standard 
and the concrete is assumed to bear no tension. 

The various other rational formulasf which have been advanced by 

*The authors are indebted to Prof. Fruik P. McKibben for the formulas in this Appendix 
Whjich have been especially prepared by him for this Treatise. 

|See Christophe’a Bdton Armd and M<ycePs Ciments Armd, 190a. 
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different mathematicians are based upon the same analytical methods of 
treatment, but on different assumptions of stress. Many have complicated 
their equations by taking moments about the neutral axis instead of about 
the centers of tension or compression, but tbc general principles of the 
deduction are the same and in accordance with the analyses given below. 

It is possible to evolve by calculus a gcnerarformula which satisfies all 
of the various hypotheses,* but the treatment is omitted here and only 
the more practical demonstrations are given 

NOTATION 

The same notation is adopted in this Appendix as in Chapter XIV. 
h = height of beam. 

/ « thickness of slab, i, e,, thickness of T-flange. 

b « breadth of rectangular beam or breadth of flange of T-beam. 

= breadth of web of T-beam. 

p = ratio of cross-section of steel in tension to cross-section of beam 
above this steel. 

ratio of cross-section of steel in compression to cross-section of beam 
above the steel in tension. 

/■,. unit comj^ressive stress in outside fiber of concrete. 

/■/ «« unit tensile stress, or pull, in outside fiber of concrete. 
fg «* unit tensile stress, or pull, in steel. 

// unit compressive stress in steel. 

E,, « modulus (jf elastic ity of concrete in compression. 

KJ =» modulus of elasticity of concrete in tension, 

=• modulus of elasticity of steel. 

d “ distance from outside compressive fiber to center of gravity of steel. 
k ratio of depth of neutral axis to depth of steel in tension. 
kd distance from outside compressive surface to neutral axis in beam 
in which the dejjth to steel in tension is d. 
z depth of resultant compression below top. 
j ** ratio of lever arm of resisting couple to depth d, 
id — d—z ^ arm of resisting couple. 
e - extra thickness of concrete below steel in tension, 
d' depth to center of compressive steel. 

moment of resistance or bending moment in general. 


*See Burr’s Materials of Engineering, 1903, p. 633. 
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ANALYSIS OF REOTANGXTLAR BEAM 

We may represent the stresses in the beam by the diagram shown in Fig. 
238, page 751. At any vertical section thiough the beam the concrete in 
the upper portion resists the forces which tend to com])ress it, and the 
sjteel in the lower part of the beam resists the forces which tend to stretch 
and bre^k it in tension. The compressive resistance acts in one direction 
and the tensile resistance in another direction, as designated by the large 
arrows in the diagram. The center of tension in the steel is at the center 
of the bar, or, if there is more than one tier of bars, at the center of 
gravity of the set of bars. The center of pressure of the concrete passes 
through the center of gravity of the triangle which represents the com- 
pressive stresses. 



Fig. 238. — Resisting Forces in a Reinforced Concrete Beam. (Seep. 751.) 

The internal resisting forces may be replaced by two forces: the total 
compression acting in the center of gravity of the triangle, having for its 
base fc and its height kd, and the total pull acting in the center of gravity 
of steel. For equilibrium the sum of all forces must equal zero or the 
total compression must equal the total pull, so that the forces form a couple. 
If either tension or compression Exceeds its maximum strength, the beam 
fails. These conditions are assumed to be true only after the point of 
loading is reached at which the tension is transferred to the steel, as other- 
wise the tension would be made up of two forces, the tension in the steel 
and the tension in the concrete, as discussed on page 760 in this Appendix. 

The moment of resistance of the couple must be equal to or greater 
than the bending moment produced by the live and dead loads. 




A TREATISE ON CONCRETE 


Since it is assumed that a plane section before bending remains a plane 
section after bending, we have the proportion 

deformation in steel d (i — ife) 

deformation in outside compressive concrete fibers kd 

. , . j £ - stress per square inch , 

And since deformation « — .3 we have 

modulus of elasticity 

^ ► ■ . 

E^ {i-k) /, i-k . 

T “ ^ i r -f “■ -r 

/o kd nfe k 

Ec 

From which 


Solving formula (i) for 
^ 4“ „“(i _ k) 

Now, as stated above, for equilibrium the total tension in the steel must 
be equal and opposite to the total compression in the concrete. The total 
tension in the steel is its unit tension,/,, multiplied by the area of the steel, 
pdby and the total compression in the concrete is represented by the area 
of the pressure triangle, ^fjid times the breadth of the beam, b. Equat- 
ing these two stresses and cancelling out the db which occurs in both, 

w 

If the value of k in formula (2) be substituted for the k in formula (4), 
we have 


f.\ "fj 


For any given percentage of steel the values of /, and f^ cannot be assutned 
independently y as they bear a constant ratio to each other. 

Substituting the value of /. in formula (3) for /. in formula (4), we have 

k k 

^ 2(1— k)n 

Solving this quadratic equation and adopting the positive sign before the 
^uare root, ^ 

* « ~ + t/ 2np -h (npy . (6) 
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We thus have k in terms of n and and from formula (6) the location 
of the neutral axis may be calculated with any percentage of steel for con- 
crete and steel having known moduli of elasticity. 

The moment of resistance is obtained from the couple by taking moments 
about the center of compression in the concrete, using for the force the 
total tension in the steel, which, as above, is pfpd times the arm (see 
Fig. ? 38 , i>. 7 SI), 

or M 

M- = pfjhd? and /. = (7) 


The moment of resistance may also be expressed in tentis of compression 
in the concrete by combining equations (4) and (7), or, more directly, by 
taking moments about the center of the tension in the steel, thus 


M 


fekibiP 

2 


and /, = 


2jW 

kjb^ 


( 8 ) 


Values for k with various percentages of steel and moduli of elasticity 
are given in table 12 on page 521. 

The value of the moment of resistance, M, may also be expressed without 
using k by substituting in formulas (7) and (8) the value of p from formula 
(5) and the value of k from (2), thus giving 


or 



( 9 ) 


(10) 


Formula (10) is apparently more complex than (7) and (8), but as the 
latter require the determination of ky formula (10) is more readily solved 
unless the table on page 521 is employed. 

In the use of formula (10),/, and must be corresponding values and 
cannot be assumed independently of each other, since for any given per- 
centage of steel the ratio of to/, is a constant. (See formula (5), p. 752). 
For a given quality of concrete and steel the values of /„ and /, and n 

are constant, so that the term in brackets may be replaced by a constant;;;^ 
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We may thus write in place of formulas (9) and (10) the formula 


M - 


a 




where C is a constant for any given concrete and steel. Values of C under 
different conditions are tabulated on pp. 519 and 520. 

Following directly ’from formula (11) ' 


d 



(12) 


In the above formula M represents the bending moment which must 
be equal to or smaller than the moment of resistance. Also, since in fig. 
*38; P- 7 Si> d h — e, the formula may be written 




>1 


M 

'6 


(13) 


from which the required height of the rectangular beam or slab may be 
directly obtained. 


T-SHAPED SECTION OF BEAM 

When a reinforced concrete floor slab and beam are built as one piece 
the slab adds to the strength of the beam by increasing the area which is in 
compression. 

The working formulas for this shape of beam termed a T-beam are given 
in Chapter XXI, page 423, in sufficient detail for the ordinary design where 



Pig. 239. — Resisting Forces in T-shaped Section of Beam. (See p. 755.) 

the beam and the slab are assumed to act as a unit. The method of analysis 
and the formulas deduced are presented below. 

These are based upon the assumption that the intensity of the compres- 
sion in the concrete does not diminish from the web outward towards the 
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edges of the flange. For a section baving a narrow flange, this is practi- 
cally jcorrect, but with a wide flange, it is probable that the intensity of 
the compression in the flange diminishes from the web outward so that 
the breadth of slab should be limited, as indicated on page 424. If this 
pressure is assumed to decrease either uniformly or otherwise, the formulas 
may be modified accordingly. 

Assuming the compression to be distributed as shbwn in the diagram, 
and the steel to take all the tension, the formulas given below may be 
deduced as in the preceding cases. 

Case 1. Neutral Axis Below Flange^ kd > L 


Neglect the slight amount of compression in the web below the intersec- 
tion of the web and flange. 

As in the previous case using notation on page 750 and referring to 

Fig. 239- 


I 



By equating the forces acting on the section 

Kf. 


2 kd — i 

fc 


2 kd 


Solving the two above equations for kd and eliminating/^ and /, 

2ndA.-\- ht^ 

— tT; 

2« A. 4* 2 0 t 


(14) 


The position of the resultant compirtsssion lies in the center of gravity of 

kd~t 

the trapezoid, the parallel sides of which are equal to and and 

the height to /. 

The distance of this center of compression from upper surface of beam is 


The arm of resisting couple 
hence 


^kd — 2/ t 
2kd — / 3 


2 kd-t 

M - A,jd/, (16) and ilf - htjdf^ 


(IS) 


(17) 
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or 


fa 


M ’ Mkd 

and /«- 


. (* 9 ) 


From the figure, taking similar triangles, the relation between and is 

found to be 

>, "" ■ ” >-* 1 

^ , vy 4 

The approximate moment arm of resisting couple may be taken as 

/ 

^ jd - rf- 2 (**) 

which changes formula (tq) to 

M 

A / t\ (**) 

Y-J 

This formula gives foi ordinary cases correct and safe results, but should 
not be used when the flange is small as compared with the stem. 

In the above formulas the compression in the stem is neglected In 
large beams, where the stem forms the larger part of the compressive area 
the following formulas derived by the same principles used in derivation 
of formulas in the firevious analysis should be used, 


kd 


I 2 ndA^'+- ( 6 - 

b' 


/w /!,-!• (h- 
b' 


b')t 


r- 


w d , “f {b’ 
b' 


h^t 


{kat^ - 
2 == 

Arm of resisting couple 
Moment of resistance 


/3) />+ I ikd - ^ \ {kd 

t{ 2 kd - i)b ^ {kd - lyy 

jd ^ d—z 



M = Ajdf, (36) J/= - t)ht + {U-{)%'],d 

Fiber stresses ^ 

M 2Mkd 

Ajd^^^' andf^^ -lyi/jid 


(* 3 ) 


(24) 


(25) 

(27) 

(» 9 ) 


Case II. Neutral Axis in Flange or at Underside of Flange, kd <:^ t 

In this case use the rectangular beam formula, considering the T-beam 
as a rectangular beam of the same depth, the brcadtlj of which is the 
breadth of the flange. The percentage is then based on the total area bd 
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STEEL IN TOP AND BOTTOM OF BEAM, NO TENSION IN 

OONOBETE 

Although the- u^e of steel in the compressive portjpn of the beam is gen- 
erally uneconomical, its introduction there is sometimes a necessity for 
practical reasons. In the ends of a continuous beam the steel in the bottom 
is usually carried through into the supports, and if the Jength is enough to 
provide bond its value in compression may be taken as assisting to resist 
the negative bending moment. 

It is possible to reduce the working formulas to extremely simple form 
by introducing constants which vary with different conditions, as outlined 
on page 427, the values for the constants being given in table 8, page 516 

The treatment of a beam subjected to bending and direct stress with 
the steel in compression is presented in connection with the design of arches 
on page 563, and these formulas may also be used in other (4Ns of eccentric 
thrusts. 



Fig 240 — Resisting Forces with Steel in Top and Bottom of Beam. 

{Seep 757) 

'Fhe analytical treatment of the design of an ordinary beam adopting as 
usual the assumption of a constant modulus of elasticity and no tension 
in the concrete, but assuming that the compressive stresses are partially 
borne by the steel in the compression portion of the beam, is as follows 


FORMULAS. 

Deformations, as usual, are assumed to vary directly as distance from 
neutral axis, hence from Fig 240, using notation on page 750 
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kd-d' ^ kd- d' 

W and//=«A -- 

I - * / s A * 

/.= «/c -^ (33) and/,= ^^_-^ 


(32) 


(34) 


Equating the horizontal forces acting on the cross-section of the beam 
we have: 


+ P'f.')=‘bdpf, 


bd + p'jY 

^ ( fji ^ 

Whence p = , [ ^ + p'f/ 


1/4^ \ ^ { ft b? kd — d'\ 


Hence 

Solving equation (35) for k, 


P d 

^ 2 » (1 — /j) ^ ^ i -- k 


k - 2 n -f ^ ^ i- (/) 4- p'Y — '» (p 4" p') 


Taking moments about the center of })ull in the steel, we have 
hj,kd( kd 

2 \ 3 


M = - y ) + /.' /.'6d id - d') 

or by eliminating// by means of equation {32), 


M = fM 


(-3) 


+ — 


(35) 


(36) 


(37) 


Taking moments about the center of compresvssive stress the steel, we 
have 

— w -:)-^‘( 3 -^ 9 ] 
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or by eliminating 

Then taking moments about center of compression in concrete: 

«■ -w l/,, 

or by eliminating/,, 

■ i - k / k\ (k d'\ 


M = fM 


(38) 


(39) 


The values in the square l^rackets in formuljis (37), (38) and (39) are 

d' 

constant for any combination of n, p, p' and 

Substituting 

k/ k\ 

a. 

) (40) 

/ (k d'\ 

d / 2»(i-^^\3 d } 

(41) 

' i-k( k\ (k d'\ 

.C',^P + J 

(42) 



M = b(PJ^ C, (43) and/, = 

(44) 

M 

M ^bePf^C. (45) and/.-^^^^ 

(46) 

and 


M 

b(PUC: (47) and // « 

(48) 

and 

Values of C^, and C/ for different combinations of 

d' 

H, p, p' and ^ 


are given in table 8, page 516. 
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STEEL IN BOTTOM OF BEAM, CONCRETE BEARING TENSION 

In the earlier stages of loading of reinforced concrete beams, the defor- 
mation curves (see fig. 130, p. 409) indicate that the concrete actually 
bears a j>ortion of the pull. Although it is not good practice to consider 
this pull in the design of beams, but, instead, it is customary to take the 
working strength as a factor of the ultimate, or nearly the ultimate strength 
of the beam, the following formulas are useful for determining the actual 
stresses and for calculating deflections at the earliest stages of loading. 

Formulas. Since elongation of steel and concrete at the same point 



N 


Fig. 241. — Resisting Forces with Concrete Bearing Tension. {See p. 760.) 


must be equal, and since cross-sectional planes are assumed to remain plane 
during bending, we have from Fig. 241, the following ecpiations: 

/. 



The elimination of /, and // from (53) gives 


kd 



- k pi - kd)^ 

k'^E^ 2 kd 


2 


( 54 ) 



APPENDIX II 


761 


From wmch 


j (■ - 4 ) L /i. ‘ E,\ d j \ 


Solving equation (55) for k, 




R, _ E\ 
E. E. 


v" + 


^ + i-:. -/ 
lie _ Ij^e 
E. E. 


E'Ji 


E, E, 


Taking moments about the center of the pull in the concrete, the center 
of compression in the concrete and the center of pull in the steel respec- 
tively, we have the three following equations for the moment of resistance: 


/ kd 2h\ fj)kd2h 
M^-/,pbd[d^- - ) + 

^ 33/ 23 


-Lbd 


kd 2J1 


/ ^ E, 3 (i - k) J 


/ kd \ {' h (Ji - kd) 2h 

r / k\E, i-k h 




, U\ UHh-M) 
d- J 

/ _k\_K>,{h~kdr- 

\ ' 3 / E, k d 


kd ah ' 


kd ah 
3 3 


If now /?/ = R^, that is, if the modulus of elasticity of concrete is the 
same in tension as in compression, the line M N becomes straight. 


Equation (55) then becomes, letting ^ ^ 


p = it 


h akd — h 
nip i — k 


(60) 
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From which 

A* -f 2 pnd^ 
^ 2 dJi H- 2 pn(P 

Equation (57) is hot changed 

Equation (58) simply has E^ instead of E/ 

Equation (59) becomes 


(61) 



COMPRESSIVE STRESS AS A PARABOLA, STEEL IN BOTTOM 
OF BEAM, NO TENSION IN CONCRETE. 

Many experiments upon the compression of concrete show a gradually 
decreasing modulus of elasticity as the load increases. From the form of 
the stress deformation curve of these specimens, the stress on the com- 
pression side of a beam is sometimes assumed to vary as a parabola instead 
of as a straight line. This method was first suggested in the United States 
by Prof. W. Kendrick Hatt.* The formulas which follow present this 
method of analysis, and permit the comparisonf of results by this assump- 



242 . — Resisting Forces with Pressure Varying as a Parabola. (See p. 762.) 

tion, with results of the straight line theory adopted by the authors in chap- 
ter XXI. 


* Proceedings American Society for Testing Materials, 1902. 
f See p. 407 for comparative values by the two t^oiies. 
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Fonnuias. As in preceding cases, from Fig. 242. 
fft have 

/. 

______ 


froirt which 


n 1 k 


Equating horizontal forces on the section of the beam we have 

2 hfckd ^ 2 fji 

phdf^ = - — • , or more simply, pf^ = 

3 3 

Substitute the value of k from (63) and we have: 






which gives the ratio of steel required for any consistent values of /g, /p, 
Eg, Eg. The position of the neutral axis is dependent upon the per cent 
of steel and the moduli of elasticity of steel and concrete, and the value of 
k may be found by substituting in (65) the value of from equation (64) . 
Thus 

2fck 1 — k i? 

-J 

Solving this quadratic equation and using the positive sign after taking 
the square root, 


k « V^np 4 - {inpy — inp 


or in another form, 




(« 7 ) 
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The 'moment of resistance may be found by taking moments about the 
center of compression in the concrete, thus, 

M =f,phtP(i-ik) (68) 

or by taking moments about the center of pull in the steel, 

M = yjb<P(i-ik) (69) 

Eliminating k from these equations by substituting its value from equa- 
tion (63), and also substituting the value of p from equation (66), we have 



or 


M = lf,h<P 


. A ^ 8 / 1 I- ^ 


VEKTICAL AND INCLINED EEINFOKCEMENT IN BEAMS. 


In any beam the horizontal shear is the same as the vertical shear pro- 
duced by the loads (see p. 448). Concrete, however, is so strong to 
resist direct shear (see p. 382) that, in ordinary rectangular or T-beams, 
no appreciable direct shear comes upon the vertical or inclined bars, 
the concrete alone being capable of resisting it. The shear stress is there, 
however, and tends to resolve itself into components of tension and com- 
pression, one of which acts in the line of least resistance. Since concrete 
is weak in resistance to pull, the tension component tends to pull apart 
and crack the concrete in the typical diagonal lines (see p. 443). This 
may be resisted by inclined steel bars at right angles to the cracks, or 
by vertical stirrups, or both, as illustrated on page 445. 

The action of stirrups in resisting this pull may be illustrated by con- 
sidering the beam acting like a truss in which the horizontal steel is the 
lower chord, the concrete in the top of the beam the upper chord, the 
stirrups the vertical tension bars, and the concrete web between the stir- 
rups the compression diagonals. (See Fig. 242a, p. 764a.) Tests of 
deformation in reinforced concrete beams show that compression and 
tensile stresses of this character are all actually taking place when a beam 
is loaded. 
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This is the ordinary Howe truss action. If the stirrups are inclined, 
as bent bars, the action is similar but corresponds to the Pratt truss, 
the steel diagonals being in tension and the vertical members, i.e., the 
concrete section, being in compression. 

To show how the stress in any stirrup is measured by the shear, verti- 
cal stirrups in a reinforced concrete beam may be considered as spaced a 
distance apart equivalent to the effective depth of the beam, yrf, thus 
giving the diagonal compressive concrete between 2 adjacent stirrups 
an angle of 45°, so that the horizontal and vertical components of this 
diagonal are equal. 

Considering the joint a, in Fig. 242^, from simple mechanics the ten- 
sion, or pull, in the vertical at this i)oint must be equal in magnitude to 



rig, 242a. Illustration of Truss Action. (See piige 764a). 


the vertical component of tlie compression diagonal in panel ab and, 
since the horizontal and vertical components of stress in a 45° diagonal 
arc equal, the tension, or pull, in the stirrup at a is eciual in magnitude 
to the horizontal comjionent of the coi’n})ressive stress in the diagonal. 
This horizontal component of the compressive stress in the diagonal, which, 
as just stated, is the equivalent in magnitude of the tension or pull in the 
vertical stirrup, is equal, in a Howe truss, to the dilfcrence between the tensile 
stress, or pull, in the horizontal chord just to the left of a and the tensile 
stress or pull in the horizontal chord just to the left of h. 

In a given beam under load, the stress or pull in the horizontal chord 
at any point is directly proportianal to the bending moment. This is illus- 
trated in formula (7), page 420. From this formula it is seen that the 
actual stress in the horizontal steel equals the bending moment divided 


by the effective depth of the beam, or 


M 

jd' 
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Considering now any two points on the horizontal chord that are an 
infinitesimal distance apart, the difference between the bending moments 
at these two points is equal to the external vertical shear at thi§ place 
in the beam times the iniinitesimal distance.* Hence, if the two points 
are a definite distance apart, as a and b in Fig. 242^, and the shear is 
assumed to be constant between these two points, then the difference 
between the bending moment at a and the bending moment at b is equal to 
the external shear, V, at this ^lace in the beam multiplied by the length ah. 
It follows from the second preceding paragraph that the difference 
between the ten Me stress, or pull, in the chord at point a and the pull at 
point b, as in any simple truss, is equal to the difference between the mo- 
ments at these two points divided by the effective depth, jd. 

Since, now, this difference in chord stress has been shown to be equal 
to the tensile stress or pull in the vertical stirrup, AJ^, and the difference 
in bending moment has been shown to be equal to the external shear 
times the length ah, it follows directly that the stress in the vertical 
stirrup, Aff^, is equal to the evtcrnal shear times the length ab divided 

Vab 

by the effective depth jd, or . , . That is, when the stirrups are spaced 

ja, 

jd apart, so that ab = jd, the tensile stress or pull, in the vertical 
stirrup equals the external shear, V. 

For any stirrup spacing, s, the action is that of a multiple truss and 
the stress in the stirrup, AJ„ equals, without appreciable error, V times 


the ratio 4 ,. In practice stirrups always should be spaced closer together 
jd 

thank’d (seep, 450). 

In this demonstration, for simplicity, the stirrup is assumed to take 
all of the vertical tensile stress. If the cone rete is assumed to take part 
of this, the formulas given on page 449 result. 


*Thla follows from the fundamental principle in mechanics that t he first differential coefficient 
of the bending moment, which Is of oourae the rate of change of th it moment. Is equal to the 

shear. 
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APPENDIX III 

FORMULAS FOR REINFORCED CONCRETE CHIMNEY AND 
HOLLOW CIRCULAR BEAM DESIGN 

The analysis which follows is based upon the several fundanicnta.1 
assumptions adopted in reinforced concrete beam design with the additional 
assumption that, since the concrete is usually thin as compared to the 
diameter of the chimney, no appreciable error is involved in assuming ail 
material as concentrated on the mean ciicumference of the shell. An 
analysis for shear is also given together with an example of chimney design 
and review. 

The principles involved in the demonstration of the thickness of steel and 
concrete are taken by permission from the analysis by Messrs. C. Percy 
Taylor, Charles Glenday, and Oscar Faber.** 

'J'he principal formulas given below are quoted in the text, where 
the general subject of concrete chimneys is discussed, and tables are 
presented there with the values of constants for use in design. 

NOTATION 

W = weight in pounds of the chimney above the section under considera- 
tion. 

M = moment in inch pounds of the wind about that section. 

P « total compression in concrete. 

T ~ total tension in steel. 

E 

n = * =* ratio of modulus of elasticity of steel to that of concrete 

/, = maximum compression in concrete in pounds per square inch (me 
ured at the mean circumference) 

4 » maximum tension in the steel in pounds per square inch. 

D me^n diameter of shell in inches. 
f ^ mean radius of shell in inches. 
t « total thickness of shell in inches. 

» thickness in inches of concrete only. 


* Bngmeenog (Loodon)^ Mar. 13, 1^ 
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= thickness in inches of an imaginary steel shell of mean radius r. 
and having a cross-sectional area equivalent to the total area of rein- 
forcing bars. 

= total cross-scctional area, in square inches, of reinforcing bars in the 
section under consideration. 

k = ratio of distance of neutral axis, from mean circumference on com- 
j)rcssion side, to diameter D. 

j,Zj Cp and Cy» — constants for any given value of k. (Tables i and 2, 
pp, 635 and 636.) 

jD ^ distance between center of compression and centre of tension. 
zD = distance from center of compression to center of force due to weight. 

Referring to Fig. 243, if is the maximum intensity of stress in the con- 
crete atthe mean circumference on the 
compression side, then the intensity 
of compression in the steel at that 
point is w/c- Since is the maximum 
intensity of stress in the steel at the 
mean circumference on the tension 
side, then the variation of the stress 
in the steel, across the section cd, is 
represented by the straight line ab 
which ^uts the linecd at e, thus locat- 
ing the neutral axis or the line of 
zero stress. Having assumed a con- 
stant value for the modulus of elas- 
ticity of the concrete in compression, 
it therefore follows that, at any jjoint 
of a given section, the stress in either the concrete or the steel is directly 
proportional to the distance of that j)oint from the neutral axis. 

Calling kD the distance of the neutral axis from tlic mean circumference 
on compression side as shown in Fig. 243, we have by similar triangles 

kD ^ »/, 

~D f,4-nf. 



Fig. 243. — Resisting Forces in a Re- 
inforced Chimney. (See p. 766.) 


whence 


k = 


I 



(i) 
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By this formula the position of the neutral axis may be determined for any 
combinations of /,, and n. 

If now, as shown in Fig. 244, a represents half tlie angle subtended at the 
center by the portion in compression, we have 

cos a ^ {1 — 2 k) 

• * 

from which, for any given value of z, cos a becomes known as well as a 
and sin a. Thus having located 
the neutral axis for any given com- 
binations of /^, and n and bear- 
ing in mind that the stre*ss at any 
point of the shell is proportional 
to the distance of that point from 
the neutral axis, it is now possible 
to determine the total force on the 
compression side, the total force 
on the tension side, and also the 
location of the center of compres- 
sion and the center of tension. 

Considering a small radial ele- 
ment subtending an angle dO^ as 
shown in Fig. 244, we liave in this 

element, since the length of an arc is its radius times the angle, 
area of concrete — t/dO 
area of steel = tjrdO 



Fig. 244. — Distribution of Stresses in the 
Steel of a Reinforced Chimney. {See 

P - 767-) 


The distance of the element from the neutral axis is f(cos d — cos a), 
while the distance from the neutral axis to the point of extreme stress is 
t\i — cos a). Therefore the intensity of stress on this elemental area is 


fc 


r (cos 0 — cos a) 
r (i — cos a) 


in the concrete 


r (cos 0 - cos a) 
r (1 — cos a) 


in the steel. 


and 
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Assuming these intensities at the mean circumference to represent the 
average for the entire element, we have the total force on the elemental area 
(concrete and steel) 


d P ^ ni^rdO 


r (cos — cos a) 
r (i — cos a) 


The total force P on the compression side of the section is therefore 


P - (/c + 




(cos 0 — cos a) 
(r — cos a) 


Integrating this expression, gives 


p »■(<, + «<.) ( ' j_cosft) - acosa) 

Since any given position of the neutral axis determines «, as shown above, 
this equation may take the form 

P «Cp/,f(/,+ ng (2) 

in which Cp is a constant for a given position of the neutral axis. (See 
Table i, page 635.) 

Having determined the magnitude of P, its location, with respect to the 
neutral axis, may best be found by taking its moment about that axis and 
dividing by P, thus giving the distance from the neutral axis to the center 
of compression as shown in Fig. 244. 

As before, the compressive force on an elemental area is 

Lr (cosd — cos a) 

' dP ^ fiQrdd . — 

• rii- cos a) 

‘ The distance of this force from the neutral axis being r(cos 0 ~ cos a), we 
have as its moment about that axis 


d « (/c + w /,) r rf ^ 


/^r* (costf — cos or)* 
r (i — cos a) 


while the moment of the total compressive force P is 

/jf (cosfl— cosa)* 

»■ -7- : 

a (t - COS a) 
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r 

— 2 COS a J 
Integrating, we have 


«r«] 


cos Odd cos* 


2 

Afe - (<e + nQf^r* [(a cos’ a. ~ | sin u cos a + i a)l 


Dividing by P we have 

(a cos* « — f sin a cos a +20:) 
P (sin a — a cos a) 


It 


V3) 


Following a similar method of procedure it is possible to determine the 
total tension and the location of the center of tension 
In accordance with our assumption that the concrete is to take no tensile 
stress it is evident that in considering the forces on the tension side of the 
section we are concerned merely with the steel. On the tension side a small 
element therefore has an area ^ t^r d 0 
The intensity of stress on this element, being proportional to its distance 
from the neutral axis, is 


/. 


r (cos d -f cos a) 
r (i -f cos a) 


while the total tension on the small element is 


d T 


t^rd df^ 


(cos 0 + cos a) 
(i 4- cos a) 


The total force T on the tension side of the section is therefore 


T « 

Integrating, we have 


2 


J 


(fr— a) (cos 0 4- cos a) 

rf, + cos ^ 


dd 


2 

T ft. / . \ (sin a 4 “ (tt — a) cos a) 

* (1 4- cos a) ' 

Since, as before, any given position of the neutral axis determines a, this 
equation may take the form 

T ^ r (4)* 


in which a constant for a given position of the neutral axis (see Table 
I, page 635). By a method similar to that used in tonsidering the force on 
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the compression side wc may write the moment, about the neutral axis, of 
the force on a small element on the tension side as 


r (cos 6 + cos aY 
d Mj, —t^rdOf^ — . — - — ^ . — 
^ * *'• (i + cos (X) 


while the moment of the total tensile force T about this axis is 




J: 


(;r.--a) f (^OS 0 COS n 

-7 7 r—dd 

* (i -f COS a) 


Integrating, wc have 
2 

s= cos~<i) ^ ^ ^ — O')] 

Dividing Mj, by T we have as the distance of the c enter of tension from 
tne neutral axis 




( (r: — O') cos'-* ex + J sin t: cos (x I (t: — a) ) 
(sin a: 4- (;r •— a) cos a) 


( 5 ) 


From formulas (3) and (5) it is evident that the distance between the total 

force in compression and the total force 
in tension (i. c., h 4* h) may, for any 
given position of the neutral axis, be 
expressed as a constant times the 
diameter D. Thus U U ^ jD as 
shown in Fig. 245. Likewise, as shown 
in Fig, 245, zZ> may represent the dis- 
tance of the center of compression 
from the center of the chimney, z also 
being a constant for any given position 
of the neutral axis. 

In a chimney the tensile and compres- 
sive stresses which we have been con- 
sidering are produced by a combina- 
tion of wind pressure and the weight of the chimney. Thus, on any 
horizontal section cdj as shown in Pig. 245, the forces external to that sec- 
tion are: the horizontal pressure of the wind, causing a moment M about 
the section, and a central vertical load W representing the weight of that 
portion of the chimney above the section under consideration. These 
forces are resisted, and held in equilibrium, by the forces P and T which 
represent the compressive and tensDe stresses in the concrete and steel. 



Fig. 245. — External and Internal 
Forces Acting upon a Chimney. 
{See p. 770.) 
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The system of forces as shown in Fig. 245 must be in equilibrium. Hence, 
taking moments about the force P, we may write 

TjD = 3 / - WzD 
But 

T *= 

Therefore 

Whence 

^ _ If - WzD 
' CrfJD 

The total area of steel 
Therefore 

^ 2n{M - WzD) 




( 6 ) 


From Table I, page 635, it may be seen that the constant j changes but 
slightly for a considerable variation in the position of the neutral axis. 

27r 

Taking / > = 8 for all cases, equation (6) may be 
1 

^ 8 (M ~ WzD) , , 

* “ ‘ CrfP ■ 

While this formula is not exact, the error involved is inappreciable for almost 
any case so that formula (7) may always be used instead of formula (6). 

Applying now the condition that the summation of all vertical forces must 
be zero, we have 

P ^ T ^W 

Substituting values of P and T as previously found, the equation becomes 

^pU (^c + «^.) - ^ 

Transposing and solving for we obtain 

w + (CV/. - CV^)_r^ 

Cpf/ 

The total thickness of the shell is 


L = 


W + iCrf, - CpM ft. 


whence 
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For convenience in use, after having determined A^ by the formula given 
D A 

above, by substituting ^ formula for I may best 

be written 




2W + (Crf, - Cp/^) 



tzD 


( 8 ) 


In view of the fact that formulas (6), (7) and (8) contain the constants «,/, 
Cp and Cp, which, as has been shown, arc dependent for their value solely 
upon the location of the neutral axis, it is evident that, for any specific 
values of /,, and «, whic h in turn will determine the position of the 
neutral axis, the expressions for - 4 , and t will admit of a further simplification. 
For given values of /).,/, and n, the necessary thickness of shell and area of 
reinforcement may be expressed merely in terms of the moment of the wind 
M, the weight W, and the mean diameter D. The expressions, as given, 
however, seem best adapted to general use, and when supplemented by 
the tables given on pages 635, 636, are rendered quite simple of solution 
for specific values 

In Table 2, page 636, is given values of k, the location of the neutral axis, 
for various combinations of /^, and w, while Table 1, page 635, gives the 
corresponding values of the constants and y for various positions 

of the neutral axis. 

Shear or Diagonal Tension. Having determined the necessary thickness 
of shell and vertical reinforcement, the size and spacing of the c ircular steel 
hoops must be considered. The external forces produce shear and diagonal 
tension which may be analyzed similarly to like stresses in rectangular beams, 
and the reinforcement necessary to resist the diagonal tension, which is a 
function of the vertical tension, may be determined Usually this reinforce- 
ment Is not so great as that whic h it is advisable to insert for the proper dis- 
tribution of temperature stresses, but rievertheless it should be determined 
to be sure that it is sufficient in quantity. 

The concrete should never be relied upon to carry any tension or vertical 
shear because the expansion from the heat may cause vertical cracks in the 
concrete. These need not be considered dangerous if sufficient horizontal 
reinforcement is provided any more than the vertical cracks in a brick or 
tUe chimney. Considering the stresses due to vertical shear, it may be 
i^ly shown that at any horizontal section of a c himney the vertical shear 
per inch of height is the total horizontal shear on that section divided by the 
distance between centers of tension and compression, jD. With this as a 
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basis there may be developed a formula for practical use in determining the 
necessary area and spacing of horizontal steel hoops at any given section. 

Thus let 

hi = height, in feet, of chimney above section under consideration. 

F ~ efiFective wind pressure against chimney in pounds per square foot. 

/, = allowable tensile stress in pounds per square inch in steel hoops. 

D = mean diameter of shell in inches. 

jPo - ratio of area of steel hoop to area of concrete. 

At any horizontal section of a chimney the total shear on that section is 
equal to 


while the maximum shear per inch of height is therefore 

D hiF 
12 jD 

Having seen that for all positions of the neutral axis j remains practically 
constant, and giving / an average .value of, say, 0.783, the expression for 
the maximum vertical shear per inch of height becomes 

0,106 IiF 


while the shear or diagonal tension in one foot of height is 12 X 0.106 //^F. 

The area of steel in one foot of height of chimney will be 12 bp^ and the 
stress the hoops in this height arc capalile of sustaining on their two sec- 
tions is 

2X12 tpof, 

E(juating these we have 


whence 


12 X .106 hiF = 2X12 tpj^ 


Po = 


hiF 


This ratio of steel is for shear or diagonal tension only. To provide for 
temperature stresses or rather to distribute the strains so as to prevent the 
localization of cracks an additional amount of horizontal steel is needed. 
This may be provided for arbitrarily by assuming 0.25% steel or rather 
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Q1.0025 for temperature stress in addition to the steel for shear. Express^ 
ing this as a formula for ratio of steel gives 

hP ! , 

I 

Small rods spaced 6 to 10 inches apart except in the upper part of the stack 
where the spacing may be greater arc advised. 

The spacing of hoops in many of the chimneys already built has been 18 
inches to 36 inches, but as such chimneys have frequently cracked quite 
seriously, more recent dc^signs have called for 8 or 9 inch spacing through 
the entire stack. 

Design of Hollow Circular Beams. I'he analysis of a hollow circular 
reinforced concrete beam whose thickness, comi)ared relatively with its 
diameter, is small, is similar in principle to that of a chimney. In this case 
the weight of the member ac ts in the same direction as the external forces, 
so that in formulas (7) and (8) W the weight in the axial direction, is zero. 
The forces of compression, P, and tension, T, are o(]ual. The area of steel 
and the thickness of shell arc therefore obtained from formulas (7) and (8), 
pages 771 ani 772, by making W - O. 

Note on Slim Chimneys. Since, in designing a chimney the selection 
of certain allowable working stn^sses in the concrete and in the steel will 
fix the position of the neutral axis, it is evident that the ratio of these 
working stre.sses limits the compressive area of the section. Hence, for 
a very high chimney in which there is a large compression in the lower 
sections, it is possible that the selection of an ordinary working stress in the 
steel of 14000 or 16000 pounds per sc^uarc inch together with the custom- 
ary working stress in the concrete of, say, 500 pounds per sejuare inch, 
would locate the neutral axis so near the compression side of the section 
as to make it impossible to obtain sufficient compression area to with- 
stand the compressive forces without exceeding the allowable unit stress 
in the concrete. 

If, therefore, the thickness of shell as computed from formula (2), 
pfige 634, should work out materially larger than the assumed thickness, 
recomputation should be made on the basis of a smaller working stress 
in the steel, thus changing the position of the neutral axis so as to allow 
a larger proportion of the section to carry compression. In such a case 
it^ may be necessary to make a series of trials with different working 
^i^trfesses in the steel until the,computed thickness checks with the assumed 
thickness. In high chimneys of small diameter it may be impossible to 
utilize a working stress in the steel greater even than 7000 or 8000 pounds 
per square inch. 
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APPENDIX IV 

BCETHOD OF GOMBIMINO MEGHANIGAL ANALYSIS GURTES 

In Chapter XI the method of forming mechanical analysis curves is dis- 
cussed, and approximate rules are given for combining individual curves 
to form the curve of the mixture More exact methods, which also illus- 
trate the principles, are given in the following pages, taking up first simple 
lases and then the more complicated ones 
Case I Curves which weei^ hut do not overlap In Fig 246 are shown 

three curves, No i, No 2, and No 3, representing ideal grades of sand and 
stone, which may be combined in such proportions that the curve of the mix- 
ture will be of the ideal form required The problem requires the deter- 
mination of the percentages of each of the three materials which when com 
bined will form a mixture whose curve is nearly the ideal In order to 
prove that the percentages found will produce the resultant curve, and also 
to illustrate the theory of the mixture, the resultant c urve will be iirst plotted 
pnd described in a very elementary minnei, and afterwards by the method 
of ratios which would be employed in practice 
Curve No 3 represents a material all of whose particles will pass through 
a sieve having holes 2 00 me lies diameter and all of whose particles will be 
retained on a sieve having holes o 75 inch diameter Stone represented 
by curve No 2 lies between diameters 075 and 025 inch, while the 
material of curve No i is all finer than o 25 inch, that is, is all under { 
inch Curves No 31 and No 3 are referred to later 
The curve OebA is first plotted* as a parabola Although the latest tests 
indicate that the best curve is a combination of an ellipse and a straight line,t 
the parabola will illustrate the principle of combination as well as any other, 
and so for this problem we may assume now that the required theoretical 
mix of materials lies in this parabolic curve This is equivalent to saying 
that the desired theoretical mixture of materials is such, that at any ordinate 

* CONSTRUCTIOV OF THE PaRABOLA 
J) largest diameter of stone 
d ■“ any given diameter 

P per cent of mixture smaller than any given diameter 
The equation of the parabola is 

. PW 

a 

10000 

The parabola can be eonstructed in any of the numerous ways given m text-books, the writer 
finding it eatiicst to use a slide rule Set D on the B scale ot the rule opposite 100 on D scale, 
read any value of i on the B scale opposite any corresponding value of P on the D s^ale 
'f^Lawa of Proportioning Concrete,’* by William B. Puller and Sanford £ Thompson, Trans- 
actiona Amencan Society of Civil Engineers 
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or vertical line cutting the parabola, the proportion or percentage of the 
ordinate below the intersection represents the percentage by weight of the 
mixed materials which passes a sieve the diameter of whose openings cor- 
responds to the given ordinate, and the percentage above the curve represents 
that percentage which is too large to pass through this sieve. The parabola 
shows, for example, that of the mixture of materials should pass a 
1.50-inch sieve, 71% should pass a i-inch sieve, 49% a J-inch sieve, and so 
on. 

We may now take up the ston^ curves in succession to determine what 
percentage by weight of each should be used, so that when they are com- 
bined, the mixture will be as nearly as pos.sible like that called for in the 
parabola. 

The chief difficulty in the method of determining the percentages of each 
material lies in combining the individual curves so as to form a single curve 
which rejn-esents the mixture. This involves drawing on the same piece 
of pai)er two different lines, each of which exactly represents the composi- 
tion of the same lot of stone, that is, the exact per cent, of each size of 
Slone in the lot. For example, as is explained below, on Fig. 246, lines 
BKA and bkA , each accurately represents the percentage composition of 
the same batch of stone, namely. No. 3, and the full meaning and value of 
these diagrams cannot be understood until it is clear how the same values 
can be accurately represented on the same diagram by two such totally 
different curves. 

In the first place it is seen that the ordinates, that is, the vertical lines in 
the diagram, are divided into 100 parts representing percentages. It is 
clear, therefore, as the divisions are relative, that the diagram would accom- 
plish the same results and curves could be drawn accurately representing 
the percentages passed and retained by the different sieves, whether the 
distance from o to 100 on the ordinates were, say, three times as large as 
it is, or whether it were only or J of the present length. All that is needed 
is to divide these vertical lines, whether they are long or short, into 100 parts 
and let each division represent 1%. 

Referring now to Fig. 246, the percentage composition of the No. 3 lot of 
stone is represented by line BKA, This lot of stone contains no stone 
.smaller in diameter than 0.75 inch and none larger than 2.00 inches. 
Running vertically upward from B on the 0.75-inch line to h where it 
crosses the parabola, we see that the parabola from b io A also represents 
a lot of stone none of which is smaller than 0.75 inch and none larger 
than 2.00 inches, and we can look upon this lot of stone for the moment as 
entirely separated from the rest of the mixture which the whole parabola 
represents. If we wish to find the exact percentages of the various sizes 
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of stone which are in the portion or lot represented by the portion of the 
parabola from hio A ^ all that is necessary is to draw the horizontal line rq 
through the point then divide the vertical distance' from A to rq into loo 
parts, so as to obtain a new set of horizontal lines or abscissas representing 
percentages. Now if we start at the base line rq and follow up any one of 
the vertical lines or ordinates until it meets the parabola, and then follow 
horizontally to the right along the line which intersects the parabola at the 
same vertic'al line or ordinate point, the reading on the new smaller percen- 
tage scale will give us the per cent, of stone in the lot bA which is larger 
than the diameter represented by this ordinate, etc. For example, taking 
intersection of i .00 ordinate with the parabola and running across we find 
that 75% of the lot is coarser than 1 inch diameter. 

It is desirable to see how nearly the stone in lot No. 3 agrees with the 
theoretical lot of stone called for by sec tion bA of the parabola. In prac- 
tice, the comparison may be made most readily by ratios with the aid of the 
slide rule, as is described more fully below, but the reasoning will be more 
clearly understood if the plan described in the last paragraph is followed. 

Taking first curve No. 3 we may redraw it on the same smaller scale as 
the ixirtion of the parabola bA is drawn, that is, it may be constructed on 
rbq as a base line instead of on the zero coordinate BF. Since the vertical 
per cent, line between q and A has been divided into 100 parts, this section 
. of the diagram may be used instead of the original per cent, divisions ex- 
tending fromi 4 to F, A piece of paper the length of Aq may be divided 
into 100 parts and placed with its upper or o end in line with the upper 
line CA of the diagram. The vertical distance from the line CA to the 
various points G, IT, J, K, etc ., may be read by the eye and replotted, — 
with the assistance of the small scale, - - as g, h, /, h, etc. ^ 

It is evident then that the broken line hgbjk A represents (referring 
to the small percentage scale Aq) lot No. 3 of stone as accurately as 
line BGHJK A repre.sents the same lot of stone referring to the larger 
percentage scale A F. 

Stone curve No. 3, however, would never, in actual practice, be an 
absolutely straight line from A to B. It would be in all practical cases 
an irregularly curved line, similar, for instance, to some of the actual stone 
curves shown in Fig. 71, p. 199, or it might be either convex like the curve 
No. 32, Fig. 246, or concave like No. 3j. These curves may be redrawn in 
exactly the same way as curve No. 3, and if the lower end of each is 
assumed to start at point h where the new base line or bq crosses the 
parabola, we should have for No. 32 the new curve bgjh^j^, etc., and for 
No. 3i the curve whose beginning is shown by etc. Thus again 
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it is seen that the stone curves No. 3^ and No. 3^ on the original' 
full-size diagram are accurately represented also by the curves etc., 

ft/fcj/i, etc., drawn to the smaller scale on the same piece of paper. 

Thus far only the principles involved in understanding the curves and 
replotting them have been considered. The result at which we arc aiming 
is the determination of the percentage of each material which will be 
required in the final mixture of the aggregates. Let us first take for this 
curve No. 3. The curve of stone No. 3 ends at i?, which indicate.^ that all 
of this stone is larger in diameter than 0.75 inches (althougli a^bout 4%^ of , 
it, for instance, is smaller than 0.80 inches in diameter). Now following 
up from B on the vertical line which represents 0.75 inche.s in diameter 
until we come to the parabola at point 6, we sec that the parabola demands 

that — or - — or 61% of all the stone and sand in the entire mixture of 
CB 100 ' 

stone and sand shall be smaller than 0.75 inches in diameter, and conversely 

that — or or 39% of the mixture sliallbe larger than 0.75 in diameter. 
CB 100 

No. 3 ‘'tone is the only one of the three lots of stone which is larger in 
diameter than 0.75 imhes, and therefore 39% of this grade of stone should 
be used in making up the mixture. 

These ratio*' give us a clud to the method of plotting the curves to the 
smaller scale with the aid of the slide rule, instead of emi)loying the longer 
method of actually dividing the .spaces into 100 equal parts. The principle 
in each case is exat lly the same. By the mcthcxl of ratios the curve hkA 

Cb T^r Sh 

would be plotted from the knowledge that 77,, ...7, ~ c-tt 

C 75 / C# till 

di.stances Tg^ SItj etc., may be read directly from the slide rule or from the 

TG X Cb 

equation which follows from the preceding, viz., that Tg ^ — = 

= 37%, and so on. ^ 

100 

This actual plotting of the curves may be unnecessary, in fact, it is 
usually unnecessary for an experienced calculator, as the percentages can 
be obtained and the general direction of the curve estimated by inspection.* 

*It is evident that neitlicr of the two batches or lots of materials shown by curvet. No 32 
and No. 3, are so well adapted to form a parabola as curve No 3" Curve No. 3^ would more 
neariy fit the parabola fhan it now does if its new curve were plotted slightly lower that it would 
Cross the parabola at a dififerent point and a larger percentage of it would be required for the 
mixture, tf it crossed the parabola at V, the percentage of it to use qould be found by plot* 
ting it in this new location and taking for the percentage the vertical distance from C to the 

end of the curve, or what is the same thing, takingthe percentage as =» p- » S<%* 

' SHi 65 . 
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The next curve in order is No. 2. We note that this lot of stone is the 
only one of the three whose particles lie between 0.25 inches diameter 
and 0.7s inches, and that therefore all of the stone called for by the para- 
bola between these two sizes must be supplied from No. 2 lot. Following 
down from the upper end, C, of No. 2 to the parabola at b and up from the 
lower end E to the parabola at e and drawing horizontal line ex, we see 
that the proportion of No. 2 stone which is called for by the parabola is 
represented by the distance between the lines rq and ex or by line re, 
re 26 

and we have the ratio ^ - =• = 26%, as the percentage of the weight of 

the No. 2 material to the total weight of the mixture. 

Plotting curve No. 2 in its new location as a part of the mixture we have 
the dotted line eb as representing the No. 2 material after it becomes a 
part, that is, 26%, of the mixture. The upper end must join the line bA 
because we are now plotting a cur\’^e which represents a mixture of the 
two materials, No. 3 and No. 2, and the mixture must be represented by 
one single, continuous curve. We may consider rb and ex as two base 
lines, divide the vertical distance between them into 100 parts, and then 
plot the percentages downward from rb, equivalent on the small scale to 
the percentages downward from DC to the original No. 2 curve CE, as 
described on page ig8, or we may take ratios, as described on page 200, 
and using the slide rule set DE (100) on De (65) and on any vertical dis- 
tance from DC to the line CE, we may read the distance from rb to the 
resultant curve eb. In practice, the line rb need not be ])lotted, but each 
ratio as it is obtained may be added to the per cent, already found for the 
No. 3 material to obtain the distance down on the ordinate for the final 
curve of the mixture, as shown on page 787. 

The rex\uired percentage of material No. i may be obtained ])y deducting 
the sum of the jjercentages of No. 2 plus No. 3 from 100, or by inspection 
of the parabola and the curve of the portion of the final mixture already 
plotted, cbkA. From the location of the point e it is evident that 35% of 
the total mixture of the material must pass a 0.25-inch sieve. Since No. i 
is the only material whose particles are finer than this, it is evident that 
this percentage of the total mixture must be entirely formed by No. i. 
In other words, the percentage of No. i to the total mixture of 100 parts 
JS 3S%- To plot the curve OD as a part of the mixture, we may divide 
the distance eE into 100 parts, and plot the percentages, or wc may take 
the .slide rule and set Ee on DE, that is, 35 on 100, and read the correspond- 
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ing ratios ior the other ordinates. Thus, at ordinate o.rO| DEi ^ » 
or 100: 35 ~ hence zW^ =*» 25. 

The final curve of the mixture of materials No. 3, No. 2, and No* i in 
prot)ortions represented by the percentages obtained is represented by the 
dotted line AkbezO. 

To illustrate how simply such a diagram as Fig 246 is solved in practice 
without really going through the processes described, we may determine 
the percentage by weight of ea<h material to the weight of the final mixtuie 
as follows: 

Cb 39 

For material No. 3, == — -= 39% 

0/5 100 

re De — 39 26 

For material No. 2, — or — — — = — = 26% 

’ DE DE 100 

Ee 35 

For material No. i, ^ - 35% 

We have thus the percentages of each aggregate material which must be 
contained in the total mixture of aggregate The actual proportions of 
the concrete expressed in paits are obtained m the same manner as is 
desenbed for example 2 on page 788. 

Case II. Curves which overlap. Fig 247 shows a more complicated 
combination oi materials than Case I. Curves of four materials are 
drawn 

From the foregoing it is clear that the percentage for material No. 4 is 
represented by Cb or 14%. Since curves No 2 and No 3 overlap each 
other, their values are less easily determined, and wc may leave them 
and first take No i Curve No. i is determined and may be plotted in 
the same way as curve No. i in diagram Fig. 246, p. 776, giving the 

gE 33 

curve Oig, and the percentage — - = — == 33% the percentage by weight 

GF 100 

of No. I in the final mixture. 

Having found the per cent, of No. i sand to use and also of No. 4 stonc> 
namely, 33% for No, i and 14% for No. 4, we have left 53% of the total 
mixture which must be made up from No. 2 and No 3 lots. 

On curve FE the portion from to / is overlapped by that part of the 
DC curve extending from D to K. We note first that about 20% of the 
material in the parabola (that portion extending from g to L) must be 
supplied with scone from the No. 2 lot, while about io% of the materia} 
of the parabola (the portion extending from b to M) must come from the 
No. 3, or DC curve. There is left then S3%— (20% + 10%) about 
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23% of the parabola which must be supplied from the overlapping 
portions of the two curves. Judging from the general appearance of the 
two curves it would appear that No. 2 curve contained stone more nearly 
corresponding to the needs of the parabola than DC. 

For a trial, therefore, we will give a larger proportion to No. 2 than to 
No. 3 stone, say, 14% of the remaining 23% to No. 2 and 9% to No. 3. 
No. 2 stone must then furnish 20 + 14 - 34% of the final mixture and 
No. 3 must turnish to + 9 — 19% of the final mixture. Through g draw 
a base line gN on which to construct the new curve for FR, 34% higher 
up draw line PQ which forms the upper limit for new curve to represent 
FE and the lower limit for new curve to represent DC Then 19% higher 
up draw line 6T, which forms the upper base line for new curve to repre- 
sent DC. 

Now, by dividing the vertical distance between the lines and PQ 
into TOO equal parts, — or else by ratios, taking the slide rule and setting 
Pg on GF and reading from the ordinates of FE^ the distances from the 
base line gN to the points which locate the curve ge^ — we can readily 
transfer curve FE into the new curve indicated by the dotted line ge which 
is assumed to supply 34% of the stone still needed by the parabola, and 
in the same way by dividing the vertical distance between the lines PQ 
and Tb into 100 equal parts, — or else hy taking ratios, — the new db 
curve can be laid down. 

, The curve from g toj and from to ^ remains as it is. 

With a pair of dividers transfer the distance at each ordinate from base 
line PQ up to curve db down to curve gCf and add it to the curve. These 
new points will give the dotted curve ]k as the exact location of the two 
batches of stone No. 2 and No, 3 combined, 34% of the one being used 
and 19% of the other. 

The resultant curve, jk, may be found in another manner after selecting 
the percentages of the different materials by adding on any ordinate the 
percentages of each material in the final mixture. For example, on i 00 
diameter, 26% of No 3 stone passes a i inch sieve, but since No. 3 actually 
occupies only 19% of the mixture, the percentage of No. 3 stone passing 
the i-inch sieve in terms of the weight of the total mixture (which is 100%) 
would be 19% of 26% *== f/( Similarly, the percentage of the portion of 
the No. 2 stone in the final mixture w^hich passes a i-inch sieve is 34% of 
88% or 30%. All of the No. i material (33%) passes the i-inch sieve, 
so this too must be added to the others, and we have 5% + 30% 4* 33% =* 
68% as the percentage of the final mixture which will pass a i-inch aeve. 

An inspection of this dotted line jk resulting from combining these 
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curves lea4s us to the conclusion that we should have done rather better to 
have taken more of No. 2 stone, say, 38% instead of 34%, and 15% of 
No. 3 instead of 19%, in which case the combined curve would have more 
nearly corresponded with the parabola. We would have, therefore, as a 
result of our study the required percentages of material as 14% of No. 4, 
15% of No. 3, 38% of No. 2, and 33% of No. i. 

Practical Examples of Proportioning. Having taken up in a very 
elementary fashion the principles by which curves are drawn and com- 
bined, we may take two examples of other combinations of materials 
liable to be met with in practise. 

Example L — Cun*cs oj two materials. Suppose we have for concrete 



Fig. 248.-- M(*thod of Proportioning Two Aggregates. {See p. 784.) 


the fine sand of Fig. 200, p. 198, to use with the crushed stone of Fig. 
70, p. 192, what proportions of each should be employed and how could 
the mixture be improved? 

Solution . — The curves of the two materials are plotted to the same scale 
in Fig. 248 as OF and DBLA, and then the theoretical curve OCA drawn 
for convenience as a parabola by the method previously described. 

The curve indicates that for a theoretical mix of sizes of aggregate up 
to if inches, 93% of the mixture should pass a i^-inch .sieve, 76% should 
pass a I -inch sieve, 53% a J-inch sieve and so on. 

Where, as in this case, the materials to be mixed are represented by ( nly 
two curves, no combination of which will make a curve as close to the theo- 
retical as is desirable, there is another limiting condition which was brought 
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out by the experiments, viz., that for the best results the cotnbined curve 
shall intersect the theoretical on the 40% line, at C, and that the finer mate- 
rial shall be assumed to include the cement. 

In this case, therefore, where the stone and sand curves do not overlap 
each other, to determine the best proportions of stone and sand, we have 
merely to take such proportions of each that the resultant curve will pass 
through the ideal curve at the point C where it crosses the 40% abscissa. 


EC 60 

This percentage is obtained by taking the ratio*:-" = ~ 61%. The 

JlLJj 90 

percentage by weight of sand plus cement to total aggregate will be 100% 
— 61% = 39%. The curve of the mixture may now be drawm by re- 
plotting the curve DBLA in its new location JCGA and the curve OF in 
its new location O/, thus making the combined curve OJCGA, 

Now decide upon the amount of cement to use in the mix to give the 
required strength of concrete, say, one cement to eight aggregate (the pro- 
portion of aggregate being based on measurement before mixing together 
the sand and stone), which will make the cement one-ninth or 11% of the 
total materials. Deducting this from the sand plus cement, we have 
39% — 28% sand, and our best proportions for a 1:8 mixture 

will be II parts cement: 28 jiarts sand: 6 t parts stone, which is equivalent 
to i: 2.5: 5.5. If the proportions arc required by volume and the relative 
weights of the sand and stone differ from the relative volumes, the pro- 
portions should be corrected accordingly. 

Plotting the analysis curves of the two materials, as described above, 
show^s immediately how to im])rovc the mix. If, for instance, the crushed 
stone had been better proportioned so as to contain more i)articles of 0.5 
and i.o inch diameter, — sec curve DHA, — a curve much nearer the 
parabola could have been constructed. In this case the ratio would have 


EC 60 

been = — = 66% of stone, and the proportions of cement, sand, 

and stone for a 1: 8 mixture, ii: 23: 66 or i: 2:6, a stronger and a more 
impermeable mix. A still better mixture would have resulted with the 
use of coarser sand having a curve similar to the broken line OMNy which 
with the first material, DBLA, would have brought the continuous line 

MC 

of the mixture very much nearer the ideal curve, by usin^^ the ratio ~ 
45 

~ 54% curve DBLA and 46% of curve OMN. This method thus 

shows not only the best proportions for given materials, but also the de- 
fects in the materials and how to remedy them. 
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A TREATISE ON CONCRETE 


The most valuable Use of the meAod of proportioning by mechanical 
analysis is in cases where the character of the work warrants employing; 
^yeral grades, that is, several sizes, of stone and sand. Such mixtures 
ate being increasingly employed as engineers and contractors more fully 
appreciate the necessity of so economically proportioning the materials as 
to pnxluce a mixed aggregate of the greatest possible density, — that is, 
with the fewest possible voids, — thereby reducing the quantity of cement 
and at the same time improving the quality of the concrete, in other words, 
making both a better and a cheap)er concrete. 

The process of determining the percentages of each material is more 
complicated than where only two aggregates, sand and stone, arc used, 
but it is not very difficult in practice, especially if one is familiar with the 
slide rule, and, as illustrated in Example 2, the method is more exact than 



DIAMETERS OF PARTICLES IN INCHES 

Fig. 249. '—Method of Proportioning a Graded Mixture. {See p, 786,) 

with two materials, for the reason that the resulting curve can be made to 
more nearly approach the parabola. 

Example 2. — Graded Materials, Given the medium sand, represented 
by curve in Fig. 72, page 200 and the three sizes of crushed stone repre- 
sented by the curves in Fig. 71, page 198, find what percentage of each 
will best combine to make the strongest and densest concrete. 

Solution, — Since mechanical analysis of each material has already been 
made, we will immediately replot the four curves on the same scale in Pig. 
249 and dravr parabola passing through point O and the point at whidi 
curve No, 4 reaches ioo%. We see at once that percentage of No. 4 
, Kk ^6 

stone required is ^ 36%. (To be sure, about 8% of No. 4 is 

Overlapped by No. 3, but this is so slight it need not here be considered.) 


APPENDIX tv 


7S7 

Let us determine sand curve No, i at 0.10 diameter ordinate, since it 
can be seen by inspection that the portion oh of curve No. i very nee^ly 
fits the parabola and grains smaller than 0.10 diameter m\ist be supplied 
wholly from this curve, while the larger grains represented by portion hG 
are found also in No. 2 curve. Accordingly, we have the percentage 
F} 20 
“ 88 

A part of No. 3 curve, that portion extending from D to /, is overlapped 
by nearly the whole of No. 2 curve. We can see, however, that No. 3 
curve alone must supply 14% of the material in the parabola (that portion 
extending from e io k). This leaves 100 — (36 + 23 + 14) — 27% of 
the mixture to be furnished by the overlapping portions of No. 3 and No. 2 
in such ratio as best fits the parabola. 

From a study of the two curves, we find by inspection and trial i)lottings 
that most of the material reejuired would be better supjfiied by No. 2 curve, 
since it contains stone corresponding very well to the needs of that part of 
the parabola extending from / to e. Let us consider 23*^ as the proper 
amount of the final mixture to be furm’shed by No. 2 curve, which would 
leave 14 -f 4 =* 18% as the total portion which must be supplied by No. 3 
curve. 

Now, on any of the ordinates, we can locate jjoints thiough which a 
curve may be drawn which represents a mixture of the given sand and 
stone in the proportions just found, for example: 


Orduutc. % KeUincd 

1.75 40x36% - 14 

J SO S 7 ^ 36 % - 20 

i. io 92x36% . ... . . = 26 

j. oo (100x36%) f (8x18%) «. 364 T 37 

0.80 36 f (31 X 18%) = 36 4 - 6 . ... -=42 

060 36 4 - (66 X 18%) « 36 H 12 *-48 

0.40 364- (88 X 18%) 4- (21x23%) ^6 4 16+3 . .. -» S7 

0.30 36 4- (93 (40X 23%) * 36 i- 17 f 9 ^62 

o.iS 36 4 - 18 4 - (92 X 23%) 4 - (6x 23%) =- 36 4 - 18 1 - 2X f I 76 

0.0$ 36 4 * i8 4 - 23 4 * (30X 23%) « 36 h 18 4 - 23 4 - 7 = 84 


These percentages are plotted on the diagram as small circles. The 
same points would have been obtained if we had begun at the left of the 
digram and calculated the j^ercentages passing the sieve. 

We find that a curve drawn through these points satisfies the parabola 
sufficiently well to assume that 23% of sand, 23% of finest stone, No. 2, 
18% of medium stone, No. 3, and 36% of the largest stone, No. 4, would 
make the best concrete mixture out of the given materials. 
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A TRUATISE ON CONCRETE 


If 1 : 7 concrete is wanted there would be* = 14.3 parts cement, and 

7 

the proportions would be 14: 23: 23: 18:36 on: 1.6: 1.6: 1.3: 2.5 by weight. 
This would give very nearly an ideal mix, and the resultant concrete would 
be impermeable and very strong. 
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Abrasion tests of mortar, 125 
Abscjlute voiumes of sand, 145 
in mortar, 135, 146 
Abutments, design of, 583 
Accelerated tests of cements, 106 
See also Soundness 
Acids, effect ^on concrete, 392 
Adath Israel Temple dome, 626 
Adhesion of cement , affected by regag- 
ing, 159 

mold for testing, 122 
tests of cement and mortar, 1 2 1 
Adhesion of concrete to steel, 456 
References, 728 

Adhesion of old and new concrete, 284 
Aggregate, definition, 20 
Aggregates. See also Broken stone 
See also Gravel 
See also Sand 
coarse, 34 
essentials, 2 
fine, 33 

laws of volumes and voids, 160 
properties of, 5 
selection, 12 
specification, 33, 34 
voids and densitjr, 168 
Akron cement, definition, 2c 
Alcohol, effect of. References, 741 
Alum and lye, waterproof wash, 342 
Alum and soap, waterproof mixture, 
344 

Am. Soc. C. E., standard cement tests, 

63 

Analysis chemical. See Chemical 
analysis 

mechanical. See Mechanical 
analysis . 

Angle of internal friction, 662 
Annealing, test for first-class steel, 40 
Apparatus for cement testing, 80 
Aqueducts. See Conduits 
Arches. 533 • 

References, 728 
abutments, design of, 583 
bridges. See Bridges 
centering, 587 
classification, 536 


Arches, concrete vs. sceel, 534 
construction, method of, 586 
dead loads, 544 
earth pressure, 544 
erection, 586 
example of design, 574 
fixed or continuous, 548 
formulas, general 549 
formulas, moment, thrust and 
shear at crown, 553 
groined, 696, 698 
history of concrete arches, 536 
loading to use in design, 580 
Melan system, 537 
moment at the erown, 551 
Monier system, 537 
notation, 545 

relation outer loads and reac- 
tions at supports, 545 
rib shortening, 558 
shape of ring, 540 
shear at the crown, 55 x 
steel reinforcements, 535 
strength. References, 739 
stress, allowable unit, 583 
temperature, effect of, 555 
thickness of ring at crown, 540 
three-hinged, 546 
thrust at the crown, 551 
two-hinged, 547 
Wiinsch system, 537 
Ash pits, 703 

Asphalt for waterproofing, 344, 346 
Automatic concrete elevator, 268 
Automatic measurers for materials, 
264 

Bag of Natural cement, weight, 31 
Portland cement, weight, 29 
Bags for depositing concrete, 306 
Ball mill, 715 
Baltimore fire, 332 
Banded columns, 492 
Barrel of natural cement, weight, 31 
of Portland cement, weight, 29 
Barrel, volume of, 3, 2x8 
weight of, 2d 
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INDEX 


Barrow. See Wheelbairoy 
Ba$«, concrete bplitting at. 459 

deformed, use, 2. 463, 500, 645, 
670 

depth of concrete below, 460 
length to imbed in concrete, 464 
table of areas and weights, 507 
types of, 505. 

Basement walls, 619 
Batch mixers, 256 
Beams, plain. References, 739 
Fuller’s tests, 376, 378 
strength, 378 
tests of cement, 120 
Beams reinforced, 4 ^ 6 . Sec also T- 
beams 

References, 740 
analyses, 749 

benaing mr^ments to use, 439 
circular, 774 

concrete oearing teasion, analy- 
sis; 760 

continuous at the support, 428, 

471. 

cracks and corrosion, 336 
deformation and deflection 
curves, 409 

depths for different bending 
moments, 419 
diagonal tension, 443 
end reinforcement, 428 
examples of design, 419* 4 ^ 9 * 476 
expenments, 477 
formulas for concrete bearing 
tension, 760 

formulas for parabola distribu- 
tion, 762 

formulas for rectangular, 418, 
75Jt 

formulas for review, 420 
formulas for steel in top and 
bottom, 427* 757 
formulas for T-beams, 423,7,54 
foundation, 649 
general principles, 400 
Hatt*s method of stress distribu- 
tion, 762 
haunch, 429 
horizontal shear, 443 
loads for different bending mo- 
ments, 419 

modulus of elasticity, 406 
neutral axis, location of, 416 
plane section before and after 
bending, 402 
rectangular, 416 
repetitive loading tests, 481 
shearing forces, 441 


Beams, reinforced, slab load, distri- 
bution of to supporting beams, 
43 ^ 

spacing of tension bars, 459 
steel in top and bottom, 42 7 » 

steel in top and bottom, example, 
470, 471 

straight line theory, 415 
tables of constants, 519, 520 
tables of constants beaiT^ with 
steel in top and bottom, 51O 
table of depth of neutral axis, 
521 

tables of safe loads, 509-51 « 
Talbot's tests, 477 
T-beam design. See T-Beams 
tensile resistance, 412 
vertical shear, 442 
weight of, 612 
worlcing stress, 528 
Bellows Falls. Canal Company wash- 
ing plant, 2 1^0 

Belt conveyor for concrete machinery, 

273 

Bending moment. See Moment 
Bending moment diagrams, 436, 522, 

524 

Bending moments and shears, 433 
Bending tests for steel, 39, 4*5 
Bent bars, points to bend, 458 
Berry’s repetitive loading tests of 
reinforced beams, 481 
Bcrtini system, 504 ^ ^ 

Beton-coignet, definition, 2c 
Beton, definition, 2c 
Bin gates for sand and stone, 247 
Bins, for stone crushing plant, 245 
Blackwell’s Is bridge, mixing plant. 

274 

Blocks, concrete building, 629 
in sidewalks, 599 
molded, 307 
Boiler settings, 703 
Boiling tests, 106. See also Sound- 
ness 

Bolts, foundation, 650 
Bonna sy.stem, 504 
Bond of concrete and steel, 456 
hooked bars, value of, 466 
working stress, 528^ 
to resist direct pull, 461 
Bonding old, and new concrete, 284 
Boonton, N. J , dam, 300, 676 
Bottle kiln, 721 

Boulogne method of testing consist- 
ency of cement, 70 
Brand of cement, selection, 45 
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Breakwater, building, 307 
Brick, as a substitute for sand, t$6 
Brick vs. concrete columns, 373 
Bripk vs, concrete conduits, 050 ■ 
Bridge piers. See Piers 
Bridges. References, 728 
arch. See Arches. 

Granite Branch Bridge, 590 
■ Mystic River Bridge, 590 
Ross Drive Bridge, 590 
Walnut Lane Bndge, 532, 592 
Briquettes, for tensile tests, 72 

effect of eccentricity in placing, 93 
German standard, 92 
Broken stone, classification of , 161 
characteristics. References, 736 
compacting of , 179 
concrete vs. gravel concrete, 385 
. cost of, 25 

’ cost of crushing, 246 
crushing, 241 
hauling, 249 
plant for, 245 

quality affecting concrete, 390 
screened vs. unscreened, 188 
screenings vs. sand, 153 
selection of, 1 2 
size affecting strength, 389 
size and shape, effect upon per- 
meability, 351.353 
specifications, 34 
tables of quantities for concrete, 
231 

typical mechanical analyses, 198 
uniform vs. graded sizes, 15 
voids vs. gravel voids, 174 
weight, 249 

Buckets for depositing concrete, 305 
Building construction, 607 
References, 729 
advantages of concrete, 607 
cost, 607 

. curtain walls, 627 

Ingalls building, 607, 61 1, 621 
mixing concrete, 267 
Pacific Coast Borax Co., 621 
typical illustration, 613 
walls, 62 1 

Burning Portland cement, 713 

over-burning and under-burning, 
62 

Calcining Portland cement materials, 

713 

Calcium choride, 326 
Cambridge bridge, concrete machin- 
ery, 271 

Candlot's tests of concrete, 367 


Car for conveying concrete, 279 
Castings, concrete, 628 
Cast piles, concrete, 65 1 
Cellar walls, 619 
forms, 620 

Cement. See also Cement testing 
affected by sea water, 309 
affected by sulphate water, 310 
approximate quantity formula, 
16 

barrel, volume, 3, 218 
barrel, weight, 2d 
chemical analyses, 47 
choice, 41 

classification, 47, 54 
cost, 24 

determination of proportion in 
concrete, 186 
effect of freezing, 319 
effect of percentage upon strength 
of mortar, 392 
essentials, 2a 
fatigue, 381 
fineness, 82 
flash set, 2a 
manufacture, 705 
materials for manufacture, 55, 
708 

Method of analyzing, 745 
mixture with Puzzolan and slag, 

317 

paint, 330 

percentages in concrete, 298 
per cu. yd. of concrete, curves, 228 
per cu. yd. of concrete, tables, 
230 

production, 706 
proportion in concrete. 213 
Puzzolan. See Puzzolan ce- 
ment 

quantity for concrete sidewalks, 
596 

selection of, 12 

specifications, 28 

specific gravity, 8i 

storage, 239 

to resist sea water, 312 

water for chemical combination, 

8s 

weight of, 114, 219 
Cement rock, 55, 709 

chemical analysis, 710 
Cement testing, abrasion, 125 
accelerated tests, ig6 
adhesion, 121 

Am. Soc. C. E. standard methods, 

63 
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Cement testing, American vs. Euro- 
pean sieves, 84 
apparatus for laboratory, 80 
cautions, 2 a 
chimney test, 112 
color, 1 1 3 

compression machines, 116 
compression tests, 1 1 6, 136 
consistency, normal, 68 
effect of shape of specimen, 134 
elementary directions for testing 
soundness, 79 
fineness, 67 

fineness below No. 200 sieve, 85 
for small purchasers, 3 
mixing, 73 
moist closet, 75 
permeability, 128 
porosity, 125 
purity test, 4, 65 
rate of applying strain, 94 
rate of setting, go 
relation of different tests, 134 
setting, 70 
shearing, 125, 136 
soundness, 77, loi 
specifications, 28 
specific gravity, 65 
standard sand, 71 
standard tests, 63 
steaming apparatus, 78 
tanks for briquettes, 76 
tensile briquette, 72 
tensile machines, 93 
tensile strength, 76 
tensile tests of cement and mor- 
tar, 97 

transverse tests, 120, 136 
water for normal consistency, 85 
weight, 1 14 
yield tests, 129 

Centigrade, to convert to Fahrenheit, 
, 10 

Centimeter, English equivalents, 10 
Centers, arch, 587 

Chalmette docks at New Orleans, 

Chalk, clieinical analysis, 710 
Charlestown bridge piers, 269 303 
Chaudy and Degon system, 504 
Chemical analysis, cement testing, 64 
clay, 710 
lime, 47 

method for cement, 745 
method for raw matenals, 745 
Natural cements, 47 
Portland cements, 47 
Puzzolan cement, 47, 724 


Chemical analysis, raw materials for 
cement, 710 
sand 159b 
slag, 724 

Chemistry of hydraulic cements, 54 
Chimney expansion test j 1 1 2 
Chimneys, reinforced concrete, 630 
analysis of stresses, 765 
construction, 630 
design, 632, 765 
Edison Electnc Illuminating Co., 
631 

example of design, 636 
formulas, 634, 765 
house, 704 

shear and diagonal tension, 772 
tables, 635, 636 

Chutes for depositing under water, 

303 

Cinder, concrete, rust protection, 329 
slabs, table, 515 
strength and elasticity, 394 
vs. stone concrete in fires, 333 
weight, 3, 61 1 
Cinder pits, 703 
Cinders, selection, 615 
specific gravity, 1 63 
Circular beams, 774 
reservoir, 701 

Classification of broken stone, 161 
of cements, 47, 54 
Clay, bearing power, 640 
chemical analyses, 710 
effect upon rnortar, 154 
effect upon mortar. Refer- 
ences, 741 

for Portland cement manufaC' 
ture, 56 

water- tight ness, effect upon, 343 
Clinker, microscopical tests, 115 
Clip, form for tensile briquette, 77 
Coal pockets, 703 
Coatings, 318 

Coatings for waterproofing, 342 
Coefficient of expansion, 287 
Coignet system, 504 
Cold. See Freezing 
Coloring concrete, 595 
Color of cement, 1 13 
Columbian system, 504 
Columns, 488, 623 

concrete vs. brick, 373 
deformation of plain and hoopeo, 
494 

eccentric loading, 372, 558 
flexure, formulas, 558 
footings. See Footings, rein- 
forced 
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Columns, formulas for, 49 1 

hooped columns, formulas, 496 
hooped or banded, 492 
illustration of reinforcement, 613 
modulus of elasticity, 406 
molds at Harvard Stadium, 625 
plain concrete, strength of, 371 
reinforced, 488, 527, 624 
rich proportions of concrete, 489 
strength, 371, 488, 527 
structural steel reinforcement, 
497 

table of working loads, 492 
vertical bar reinforcement, 489 
working stress, 527 
Combined footing, 647 
('ompacting of broken stone and 
gravel, 179 

Composition, of cement mortars, 132 
chemical. See Chemical analy- 
sis 

Portland cement, 58 
various mortars, 136 
Compressive strength. References, 7 38 | 
Compressive strength of concrete, ’ 
3S5 

average table, 360, 361 
brief table for safe strength, 27 
cinder concrete, safe strength, 
394 

columns, 371, 
concentrated loading, 367 
formula, 356 
growth, 374 

safe strength, 27, 373, 527 
short prisms, 369 
tests, 362 

various authorities, 363 
vs. transverse strength, 381 
working, in extreme fiber, 528 
Compressive strength of mortar, 1 36 
Feret’s formula, 140 
Feret’s tests, 136, 146 
fom of specimens, 1 1 7 
prisms, 406 
various, 136 
vs. tensile strength, 119 
Compressive strength of stone, 392 
Compressive tests of cement, 116 
Concentrated loading, effect of, 367 
diagram for moments and shears 
in continuous beams, 436 
Concentrated vs. distributed loading, 
368 

C'oncrete blocks, 629 
Concrete tile, 629 

C'oncrete, contract and specifications, 
3 * 


Concrete, definition, 2c 

gravel vs. broken stone, 385 
mixers, 256 

mixing. See Mixing concrete 
plants, 266 

proportioning. See Proportion- 
ing 

nibble, 296 
rubble, definition, 2c 
strength. See Strength 
stretch, 408 

tables of quantities of materials, 
230 

tables of volumes, 234 
theory of mixture, 186, 220 
uses, 1 1 

vs. brick columns, 373 
vs. brick conduits, 680 
vs. terra-cotta, 333 
weight, 3 

working stresses, 527 
t'oncreting, elementary outline of 
process, r i 

('onciuctivity of concrete, 335 
('ondiiits, 679 

References, 737 
arch top, 694 
brick vs. concrete, 680 
construction, 685 
design, 682 

earth pressure on, 693 
forms, 688 

formulas for rectangular, 694 
in tunnel, 688 

Jersey C'ity Water Supply C'o., 
683, 689 
rectangular, 694 
thickness of, 684 
water-tightness, 681 
Weston aqueduct, 682 
Conglomerate concrete, weight, 3 
Conglomerate, specific gravity, 163 
Consistency, Boulogne method, 70 . 
Consistency of concrete, 279 

depositing through trough, 278 
effect on modulus of elasticity, 
406 

effect on strength, 383 

effect on water- tightness, 338 

specifications, 36 

Consistency of mortar, effect upon 
strength, 152 

Consistency of paste and mortar, 
normal, 68, 85 

Constancy of volume. See Sound- 
ness 

Continuous beams, bending moments 
to use, 439 
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Continuous beams, design, 428. 471 
diagrams shear and bending 
moment, 435 

moment of inertia, effect upon 
bending moment, 430 
shear and bending moment dia- 
grams, 435 
span, 431 

stirrups, method of placing, 450 
Cbntinuous mixers, 256 
Contract, form for concrete, 32 
Contraction joints, 285 
Contraction. References, 732 
Conveyor belt. See Belt conveyor 
Copings, 674 
Core walls, 678 

rubble concrete, 678 
thickness, 678 
Corrosion of steel, 327 
Corrosion of steel in beams, tests, 336 
Cost, building construction, 607, 624 
cautions, 2b 
concrete, 24 

essentials in estimating, 2b 
facing concrete, 289 
labor laying concrete, 25 
materials for concrete, 24 
Portland vs. Natural cement 
mortar, 43 

ramming concrete, 283 
rubble concrete, 675 
screening sand and gravel, 239 
sidewalk construction, 604 
stone crushing, 246 
Cottacin system, 504 
Counterfort retaining walls, 671 
Cracks in reinforced beams, 413 
corrosion of steel, 336 
Cross reinforcement of slabs, 422 
Crushed stone. See Broken stone 
Crusher, gyratory, 244 
Crusher, jaw, 242 

Cubes vs. cylinders vs. columns, 370 
Culvert, Kalamazoo, Mich., 684 
Cummings system, 504 
Cup bar, 504 

Curbing, concrete sidewalk, 602 
Curves of cement per cubic yard, 228 


Dams, 659, 674 

References, 731 

arched, 677 

Boonton, N. J., 676 

building of rubble concrete, 300 

C audiere Falls, P. Q., 264 

Chicopee River, building, 269 

Sgden^ Utaf? 678^ 


Dams, reinforced design, 677 
Schuylerville, N. Y., 677 
Dead loads, arches, 544 
Definitions, 2c 

See material in question 
Deformation and deflection curves 
of a reinforced beam, 409 
Deformation of hooped and plain 
columns, 494 

Deformed bars, use, 2, 463, 500, 645, 
670 

Density, definition, 2c 

method of determining, 135 
Density of concrete, 354 

curves of maximum, 200 
relation to strength, 204 
studies of, 200 
table of tests, 376 
Density of mixed ag^egates, 168 
Density of mortar, application of 
laws, 149 

rc'lation to strength, 134 
tests of mortar, 138 
tests of mortars of coarse vs. 
fine sand, 149 
De Man rods, 506 
Depositing concrete, 276 
cautions, 2a 
specifications, 36 

Depositing concrete under water, 301 
Depth, concrete below rods, 460 
Depth of T-beam, diagram, 525 
economical, 425 
example, 470, 471 
minimum, 424 

Derrick for laying concrete, 305 
Design. See article in question 
cautions, 2b 
Destructive agencies, 392 
Diagonal tension, ^e Tension, dia- 
gonal 

Diagrams, for arch design, 569, 572 
bending moments, 436, 522-524 
mechanical analysis, 197 
T-beam design, 525 
Diamond bar system, 506 
Dietzsch kiln, 721 
Dikes. Sec also Core walls 

Metropolitan Water Works, 678 
Parsippany, laying, 273 
Distribution of beam and slab loads 
to girders, 432 

Distribution of slab load to support- 
ing beams, 431 

Distribution of stress, diagrams, 569, 
5.72. 573 

plain concrete, 562 
reinforced concrete, 565 
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Domes, 626 

Temple Adath Israel, 626 
Yale Umverstly, 626 
Dome kiln, 721 

Donath system of reinforcement, 506 
Driveways, 606 
Dry concrete, 280 
rammers for 281 
Dry concrete under water, ^08 
Dry dock, building of rubble con- 
crete 201 

Duplex paddle mixer 2^8 
Durability, concrete inverts, 681 
concrete piers, 654 
Dwelling houses, 704 

Earth, beating power, 639 
weight of, 662 
Earth pressure, 663 
arches, i)44 
conduits, 693 
formulas, 664, 666 
inclined back of wall, 663, 666 
tables for, 663, 663 
vertical back of wall 664 
wall with surcharge 666 
East Boston Tunnel 690 
mixing plant, 271 
Eccentric To iding, S72 
Eccentnc loads, dia^ams, <169 ‘572 
distiibution of stresses, plain 
concrete, 560 

distribution of stresses, rein- 
forced concrete, «;63 
Economical depth of T beam, 425 
diagram for, 325 
example of, 470, 471 
Edison Electric Illuminating Co , 
chimney, 631 

Elastic limit See also Yield point 
El istic limit required m mild steel, 34 
Elasticity See Modulus 
Electrolytic action, effect upon con- 
crete, 393 

Elementary volumes, 133 
Elevator, automatic concrete, 268 
Elevat rs, gram, 703 
Elongation in concrete, 408 
Elongation required in first-class 
steel, 38 

Elongation required m mild steel, 34 ‘ 
Estimating, essentials, 2b 
Erection of arches 586 
Expanded metal, 506 
Expansion joints See Contraction 
joints 

Expansion of cement See also | 
Soundness | 


Expansion of cement, measurement, 

1 II 

Expansion of conciete, while harden- 
ing, 387 

coefficient for temperature, 287 
Experiments uix>n reinforc ed beams, 

477 

Face cutter, 289 
Facing concrete walls, 288 

photographs of surttices, 290 
specifications, 37a 
Factory construction cost, 608 
Factory, Pacific Coast Borax Co , 631 
Fahrenheit, to convert to centigrade, 
10 

Fatigue of cement, 38 r 
Felt, waterproofing, 3 3 
Fences 704 

Feret, R Effect of Sea Water 309 
Feret's formula foi noimal consis- 
tency 87 

Feret’s formulas for st length of 
mortar, 140 

Feret’s tests of strength of mortals 
136 

Feret's trfangles, 144 
Ferroinclave system 506 
Fiber stress VA tensile stress, 121 134 
Fineness of cement advantages of, 82 
brief tests, 4 
below No 200 sieve, 83 
effect on weight, 1 14 
s|>eafications Natural cement 3 1 
specifications Portland cement, 

30 

standard test, 67 
strength iftected b\ , 82 
Fire, Baltimore 332 

Pacific t oast Borax Co, 331 
Fire protection cinder v? stone con- 
crete, 333 
concrete, 331 

concrete vs terra-cotta, 333 
structural steel, 337 
theory, 3 34 

thickness concrete required, 333 
^ire resistance References, 7 32 
Woolson's tests, 335* 

Fire- resisting quahties of concrete, 

Flat slabs, 483 

foundation, 649 
tables of constants, 3x8 
Flexure and direct stress, diagram, 
569. 57 *. S 7 a 

plain concrete, formulas ^ot 
reinforced concrete, formulas, 564 
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iHoat, plasterer's, 6oi | 

Floors^ cunstruction, 60S, 615 1 

design, 46S, 609 ■ 

forms, 616 I 

illustration of reinf<)rccnicnt, 613 
Ingalls building, 611 
loads, 6 lo 
materials* for, 612 
proportions of concrete, 6 1 5 
reservoirs, 6q6 
slabs. See Slabs, 
weight of concrete in, 61 r 
Footings, design, 64 r 

comljined, design of, 647 
I-beam, 643 

reinforced concrete, ’644 
spread, 649 
square, design of, 644 
Forms. References. 7 32 

brief directi<jns for constructing, 
T9 

cautions, 2a 
cellar wall, 620 
clamp for beam, 617 
conduit, OSS 
floors, 616 

greasing, 296 * 

hollow walls, 623 
mass concrete, 203 
removing, 296 
specifications, 37 
time building, 9 
wall, 621 

Formulas. See article in qviestion. 
Foundation bolts, 650 
Foundations, 639 
References, 7 33 
See also Footings 
beams and slabs, 640 
bearing power of soils and rock, 

639 

column, 643 
flat slabs, 649 
safe loads, 643 
spread, reinforced, 649 
under water, 656 
under water, laying, 303 
Freezing. References, 742 ^ 

effect of, 8, 319 
effect of calcium chloride, 326 
effect of salt, 324 
effect upon sidewalks, 602 
experiments, 321 
protection from, 323 
Freezing weather, construction in, 323 
specifications for laying in, 37 
French commission, method of pro- 
portioning, 192 


French commi.ssion, permeability 
test, 128 

poro.sity test, 126 
setting tests for cement, 89 
sieves for cement, 84 
standard sand, 92 
yield tests, 129 
Friction, internal angle of, 662 
Frost. See Freezing 
Fuller’s beam tests, 376 
Fuller’s rule for quantities, 16 
Fuller, William H. Proportioning 
Concrete, 183 

Gabriel system, 506 
Gaging. See also C'onsistency 
water for sand, 179 
with sea water, 159b 
Gang for mixing concrete, 254 
Gates for sand anti stone bins, 247 
German standard briquette, 92 
Gillmore vs. Vicat needles, CS9 
Girders. See also Beams, reinforced, 
typical illustration of, 453, 613 
Glycerine, effect of. References, 74! 
Grain elevators, 703 
Gram, English equivalents, 10 
Granite Branch Britlge, 590 
Granite, specific gravity, 163 
Granolithic, definition, 2c 
Granolithic finish for water-tight 
work, 341 

(iranulomciric compositU)n of sand, 
142 

conversion to mechanical analy- 
sis, 15 1 

Grappiers cement, 50 

chemical analysis, 47 
definition, 2c 

Gravel, bearing power, 640 

characteristics. References, 736 
compacting of, 179 
cost of, 25 

cost of screening, 239 
screened vs. unscreened, 188 
selection of, 1 2 

size affecting strength of con- 
crete, 389 
specifications, 34 
specific gravity, 163 
tables 01 quantities for concrete, 
231 

voids vs. broken stone voids, 174 
weight of, 662 

Gravel concrete, vs. broken stone con • 
, Crete, 385 
weight, 3 

Gravity mixers, 263 
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Greasing forms, 296 
Greenhouses, 704 
Griflin mill, 716 
Grinding cement, 7 1 2^^ 7 1 5 
See also Fineness 
Groined arches, 696, 698 
Groover for sidewalks, 601 
Grout for water-tight surfaces, 342 
(rrouting, sand cement for, 42 
Growth in strength of cement mortar, 
99 

(irowth in strength of concrete, 374 
(hitter, concrete, 603 
Gypsum, effect in sea water, 310 
effect on time of setting, 00 
Gyratory crushers, 244 

Habrich and Dtising system, 506 
Handling concrete, 276 
data, 9 \ 

Hand mixing of concrete, 251 
vs. machine, 251, 372 
Harvard Stadium. Frontispiece 
mixing machinery, 269 
pouring seat slabs, 62S 
Ilauncli, design, 429 
length, 430, 472 
Heat. See also Temperature 
effect upon concrete, 335 
ReferencCvS, 742 

Heater for concrete materials, 324 
Heating concrete materials, 323 
ITennefique system, 500 
Herringbone frame, 506 
High carbon steel, specifications for, 

vs. mild, 4^3 

Highway bridges, liveloads, 541 
Hinges for arches, 539 
Historical notes, 705 
Holzer system, 506 
H()f)ked bars, value in bond, 466 
H(X)ped columns, 492 
Hot tests, 106 ^ 

See also Soundness 
Houses, 704 
House chimneys, 704 
Hyatt system, 506 
Hydrated lime, 53 

added for water tightness, 342 
use with Portland cement, 43 
Hydraulic lime, 52 

chemical analysis, 47 
definition, 2c 
where used, 42 
Hydraulic modulus, 57 

Impermeable concrete. See Water- 
tight concrete 


797 

Impermeability. See .Water-light- 
ness 

Impurities of sand, character, 154b 
effect upon strength of mortar, 
iS4a 

vegetable or organic, 154b 
washing tests for organic, 
Inertia, moment of. See Moment of 
inertia 

Ingalls building, 607, 61 1, 621 
Internal frictitm, angle of, 662 
Inverts, durability of concrete, 681 

allies River cement, definition, 2c 
aw crushers, 242 
erome park reservoir, 275 
ersey ( ity Water ('o. conduit, 6S3, 
68 () 

Johnson ring kiln, 721 
Johnson rods, 506 
Joint.s. See also (‘on traction joints 
construction of, 2 84 
in reinforced concreto, 284 
old and new concrete, 284 
specifications, 37 
Kahn bars, 506 
Kent mill, 717 

Kilns, rotary. Bee Rotary kilns 
Kilns, stationary, 721 
Kilograms ])er sep cm., ratio b) Ih. per 
sq. in., (), 03 

Kilograms, rati<^ to pounds, 10 
Kimball’s tests of concrete, 365 

Labor. Sec Time 

Laboratory, cement testing appara- 
tus, 

Laitance, chemical analysis, 302 
definitkm, 2c 
effect on strength, 384 
Laitier cement, definition, 2d * 
Lath, metal, plastered walls, 627 
Laying concrete, elementary out- 
line, 1 1 
methods, 276 
specifications, 36 
time, 9 

Laying rubble concrete, 300 
Laying waterproofing felt, 345 
Leaks, closing, (H)i 
Length to embed bans, 464 
Lime and cement mortar, where used, 
42 

Lime, added for water- tight ne.ss, 342 
chemical analysis. 47 
effect of. References, 741 
effect upon strength of mortar, 
i54d 

hydrated. See Hydrated lime* 
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Lime, hydraulic. See Hydraulic lime 
in cement, limited in seawater, 

311 

in Portland cement, 62 
manufacture, 52 
mortar, where used, 42 
of Teil, 52 

of Teil, definition, 2d 
unslaked, 156 
weight and volume of, 1 56 
Limestone, chemical analyses, 710 
for cement manufacture, 709 
method of analyzing, 745 
specific gravity, 163 
Limestone concrete, weight, 3 
Line of pressure in arches, 555 
Liter, English equivalents, 10 
Literature, references to, 725 
Little Falls, N. J., feed tank, 700 
Live loads for highway bridges, 541 
railroad bridges, 543 
Loads, bridges, 541 
column, 623 

distribution from slab to beams, 

^ 431 

floor, 610 

foundation, safe, 643 
roof, 618 

Loam, bearing power, 640 
effect upon mortar, 154a 
weight of, 662 
Ix>ck-woven steel fabric, 506 
I.KJuisville cement, chemical analysis, 

47 

definition, 2d 
Lubricating forms, 296 
Lug bars, 506 

Lye and alum, waterproof wash, 342 

Machine mixing vs. hand, 251, 372 
Magnesia in cement for sea water, 310 
Magnesia in Portland cement, tests, 

, 5,6. 

limiting percentage, 5, 30 
Magnesian lime, 53 

chemical analysis, 47 
Manufacture cement, 7*05 
Iiilanufacture lime, 52 
Manufacture Natural cement, 722 
Manufacture Portland cement, 707 
processes, 710 
raw materials, 55, 708 
Manufacture Puzzolan cement, 723 
Manure, effect upon concrete, 393 
Marine construction. See also Sea 
water 

References, 734 

Marl for cement manufacture, 709 


Marl for cement manufacture, chem- 
ical analysis, 710 X ' 

Mass concrete, forms, 293 
McKibben, Arches, 533 
T>beam tests, 480 

Measurers for materials, automatic, 
264 

Measuring box, illustration, 18 
Measuring materials for concrete ,252 
Measuring water for concrete, 266 
Mechanical analysis, 193 
broken stone, 198 
conversion to granulometric com- 
position, 1^1 

curves, plotting of, 196, 775 
proportioning, 206 
' sieves, 194 

typical sands, 194 
Melan system, 506 
Melan system of arches, 537 
Metal lath, walls plastered, 627 
Meter, English equivalents, 10 
Metric system, ratios for converting, g 
Metric units of strength, converting 
to English units, 93 
Mica, effect on strength of mortar, 
154c 

Microscopical examination of cement, 
“5 

Mild steel vs. high carbon, 4 1 3 
Mill, ball, 715 

Mill construction, cost, 608 
Mill, tube, 716 
Millimeter, ratio to inch, 10 
Minimum depth of T- beams 424, 525 
example, 470* 471 
Mixers for concrete, 256 
batch, 256 
continuous, 256 
duplex paddle, 258 
gravity, 263 
revolving pan, 258 
rotary, 258 
rotary cube, 258 
Mixing concrete, 251 
belt conveyors, 272 
Blackwell’s Is. bridge piers, 274 
Cambridge bridge piers, 271 
, Cambridge , Electric Light Sta- 
tion, 269 
cautions, 2a 
central plants 268 
Chalmette docks at New Orleans. 

275 

Charleston bridge pier, 269 
Chicopee River dam, 269 
detail directions! 20 
East Boston tunnel> 271 / 
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Mixing concrete, gang, 254 
hand, 25 x 

hand vs, machine, 251, 372 
Harvard Stadium, 269 
Jerome Park reservoir, 275 
machine, 255 
Painesville bridge, 275 
Parsippany dike, 273 
platform over mixer, 266 
specificalions, 36 
stationary plant, 267 
time, 9 

Williamsburg bridge pier, 273 
Mixing machinery, portable, 264 
Modulus of elasticity of concrete, 403 
beams vs. columns, 406 
cinder concrete, 394 
determining of, 403 
' effect of consistency, 407 
in compression, 403, 405 
in tension, 408 
Kimball’s tests, 405 
ratio of moduli, 403, 408, 529 
tests with different proportions, 
404 

Modulus of elasticity of steel, 402 
Moist closet, illustration, 75 
Molded blocks, 307 
Mold, for adhesion test, 122 

for briquettes for tension, 72 
for concrete cubes, 397 
Molds for concrete. See Form 
Molds, pouring concrete, 628 
Moment, bending, concentrated load, 
441 

crown, arches, 551 
diagrams, 522, 524 
diagram, continuous beam, 435 
for beam design, 439 
formulas for, 434 
Moments of inertia, table 438 
effect of varying, 430 
Moments of resistance of beams, 753 
Money, foreign, U. S. equivalents, 10 
Monier system, 506 
arches, 537 

Mortar, affected by freezing, tests, 

321 

affected by sea water, 309 
composition of various, 1 36 
compressive tests of prisms, 406 
definition, 2d 
density, 138 

elasticity tests of prisms, 406 
effect of regaging, 157 
Feret’s tests of strength, 136, 146 
gaging with sea water, 159b 
porosity, 127 


Mortar, selection of sand, 149 

strength and composition of, 132 
table of quantities and volumes, 
229 

tests. See Cement testing 
tests with coarse i»,r. fine sand, 

149 

tests of sand for, 159 
weight, 3 
yield tests, 129 
Mushroom system, 506 
Mushy concrete, 280 
Mushy concrete, rammers, 282 
Mystic River bridge, 590 

Natural cement. See also Cement 
Natural cement, affected by freezing, 
320 

chemical analyses, 47 
classification, 49 
definition, 2(1, 31 
growth in strength, 100 
manufacture, 722 
specifications, 31 
vs. Portland cement mortar, 
cost, 43 
weight, 2d 
where used, 41 

Natural Portland cement, 48 
Neutral axis, location (jf, 416 
table, 521 

Talbotts formula, 479 
Newbury, Spencer B. ('hemistry 
Cements, 54 

New York subway, 347, 693 
Notation, standard, 529 

Office building construction, cost, 607 
Office buildings. See Ingalls build- 
ing 

Ogden, Utah, dam, 678 
Oil, effect upon concrete, 393 
Oil for greasing forms, 296 
Organic impurities in sand, i ^oa 
Ornamental construction, 628 

Pacific Coast Borax Co., factory, 62 1 
fire, 331 

Paddle mixers, 258 

Paint, cement for protecting steel, 

Paines^ile bridge, 275 
Parabola, construction of, 775 

theory of stress, formulas, 762 
vs. straight line theory, 407 
Parker's cement, definition, 2d 
Parmley y.stem, 506 
Parsippany dike, mixing plant, 273 
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Paste. See also Mortar 

definition, 2d ^ 

weight and volume, 3 
Pavement, street, 606 
Peat, effect of. References, 741 
Penstock, Grem^ble, France, 684 
Percentage of cement in concrete, 
298 

Percolation. See Permeability 
Permeability. See also AVater- tight- 
ness 

Permeability. References, 734 

cement, effect of percentage of, 

concrete, 338 

coarseness of sand, effect of, 353 

laws oC, 349 

method of testing, 347 

mortar, 12S, 3 38 

pressure, increase with, 351 

resulJLs of tests, 351 

shape of vStorie, effect of, 35 1 

.size of .stone, effect of, 352 

specimen for testing, 34H, 3p), 

350 

tables, 352, 353 

tests of cement and mortar, 12S 
Philadelphia subway, 347, 6<)3 
Pick for facing concrete, 289 
Picked surface of concrete, 2()o 
Piers, Blackwell’s Is. bridge, laying, 

274 

bridge, 654 

('ambridge bridge, 271; 305 
Charlestown bridge, 269, 303 
design, 655 
reservoir, 696 

standard, N. Y. (\ R. R., 657 
William.sburg bridge, laying, 273 
Piles of concrete, 650 

Boston Woven Hose and Rubber 
Co., 654 
cast, 651 
cores for, 652 
reinforced, 651, 654 
sheet, 653, 655 
with en larged footing, 653 
Piles of timber, 640 

concrete capping for, 641 
formula, 640 
safe loads, 640 
spacing, 641 
Pipes, circular, 694 
Placing concrete. See Depositing 
Plane section before and after bend- 
ing, 402 

Plants for making concrete, 266 
Plastering, 292 


Plastering, for water-tight work, 341 
Plaster of Paris. See also Gypsum, 
effect of. References, 742 
effect on time of setting, 90 
Plasters and coatings, 318 
Plastic concrete, 308 
I’oles, telegraph, 702 
Poling boards of concrete, 653 
Porosity. References, 734 
concrete, 339 
different mortars, 127 
tests of mortar, 125 
Portable mixing machinery, 264 
Portland cement. See also ('emenf 
affected by freezing, 319 
brief specifications, 29 
chemical analyses, 47, 710 
color, 113 
composition, 58 
definition, 2d, 29, 48 
full specificatious, 29 
growth in strength, 99 
nitanufacturc, 707 
materials for manufacture, 55, 
708 

method of analyzing, 745 
structures recpiiring, 4 1 

Natural cement mortar, cost, 

43 

weight packed and loose, 2d 
Pounds per sq. in., ratio to kg. per 
sq. cm., 9, ()3 

ratio to tons per scpuire foot, to 
P robst’s tests on corrosion of steel, 
.3.36 

Pressure, earth. See Earth pressure 
Pre.ssure, line of, in arches, 555 
Prisms, strength of, 369 
Production of cement, 706 
Proportioning concrete, 183 
arbitrary selection, 187 
caution.*?, 2a 

determination of cement, 186 
elementary directions, 13 
French method, 192 
Fuller’s method, 202 
importance of proper, 183 
inaccurate methods, 190 
in practice, 213 
laws of, 204 

materials by weight, 265 
mechanical analysis, 193 
mechanical analysis diagrams, 
206 

methods of, 184 

practical, during progress of 
work, 211 
principles, 185 
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Proportioning concrete, Rafter’s 
. . method, 192 

sea- water construction, 316 
trial mixtures, 210 
. typical structures, 212 
units for. 217 
void determination, 189 
volumetric synthesis, 210 
Proportiorting concrete, volumes, 218 
water-tight work, 339 
Proportions, expressing, 217 
for concrete floors, 615 
for concrete sidewalks, 594 
for various structures, 14 
raw materi alf or Portland cement . 
55, 708 

sand and stone aflecting strength, 

specifications for concrete, 35 
Protection of metal, 327 
References, 735 
Puddling concrete, 281 
Pug mill, 720 

Pulverized rock, effect upon water- 
tightness, 343 
Purity test for cement, 4 
Puzzolan cement, 50 

• added for water- tightness, 342 
chemical analysis, 47, 724 
definition, 2d 

effect of addition References, 742 
manufacture, 723 
mixed with Portland, in sea 
water, 313, 317 

water-tightncvss, effect upon, 342 
where used, 42 

Quaking concrete, 280 
Quantities materials. References, 
743 

for concrete, 14, 231 
for concrete sidewalks, 596 
for mortar, 229 
for rubble concrete, 298 
formulas, 16, 221 
uartering, method, 398' 
uicklime. See Lime. 


Rabitz system, 506 
Rafter’s method of proportioning, 192 
Railroad bridges, live loads, 543 
Rammers, for dry concrete, 281 
for mushy concrete, 282 
Ramming concrete, 281 
labor, 9, 283 
Ransome system, 506 
Reaction at supports, formulas, 433 


Rectangular beams. See Beams, 
reinforced 

References to concrete literature, 

725 

Regaging mortar and concrete, 157 
effect upon adhesion, 159 
effect upon setting, 150 
retarded set. References, 742 
Reinforced beams. See Beams, rein- 
forced 

Reinforced columns, 489. 

See also C\)lumns 
Reinforced concrete, 399 
brief laws, 7 

strength. Reference.s, 740 
working stresses, 527 
Reinforced concrete footings. See 
Footings 

Reinforced floors, 609 
Reinforced slabs. ^ See Slabs 
Reinforcement. See also Steel 
arch, 535 
beam, types, 453 
caution, 2a 

diagonal tension, example, 472, 

473.474 . 

placing, si)ecincations, 37 
stirrups, types, 455 
typical floor, beams, and col- 
umns, 613 

vertical and inclined, 44^ 
Removing forms, 296 
Repetitive loadings, tests of beams, 
481 

Reservoirs, 695 

References, 735 
Albany ICiltration Plant, 696 
Astoria AVatcr Works, 346 
circular, design, 701 
covered, 695 
floors, 696 
open, 695 
piers, 696 
roofs, 698 
storage, 701 
walls, 696 
Waltham, 701 
waterproofing, 346 
Reset concrete, 308 
Residences, 704 
Retarded set. See Regaging 
Retaining walls, 659 

angle of internal friction, 062 
backing, 662 
copings, 674 
earth pressure, 663 
foundations, 660 
gravity section, 661 
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Retaining walls, remforced concrete, 
667 

table for gravity section*;, 66 1 
T-type, design of, 668 
with counterforts, design of, 671 
Revolving pan niixei, 258 
Revolving screens, 240 
Rib shortening, effect in arches, 558 
Roadbeds, 703 
Rock, bearing power, 630 
Rockingham Power ('orapany, 
washing plant, 250 
Rods. See Bars 
Roebling system, 506 
Roller, dot, for sidewalks, 602 
Rollers for conveys ir belt, 272 
Roman cement, chemical analysis, 47 
definition, 2d 
Roofs, construction, 618 
loads, 618 
reservoirs, 698 

Rosendale cement, chemical analysis, 
47 

definition, 2d 
Ross Drive bridge, 590 
Rotary kilns, for dry materials, 7 1 1 
for wet materials, 7 1 9 
vs. stationary, 722 
Rotary mixers, 258 
cube mixer, 258 
Roundhouse. 703 
Rubble concrete, 296 
Boonton dam, 300 
core walls, 678 
costs, 675 
definition, 2d 
labor, 300 
laying, 300 • 

proportn)n of rubble, 299 
quantities of matenjils, 298 
table of materials, 236 
table of volumes, 237 
Rusting of steel in concrete beams, 
tests, ^36 

Rust prevention, 327 
Rusty steel, protection, 328 

Salt in mortar, 324 
References, 742 
poAntage to use, 325 
Samplf® cement, standard method, 

Sampling iron, illustration, 64 
Sand, absolute volumes, 145 

American vs, European stand- 
ards, 90 

bearing power. 640 
cautions, I 


Sand, characteristics. References* 
736 

chemical cony^osition of, 159b 
coarseness, effect on permeabil- 
ity, 35.3 

compacting, x8i 
comparative tests, 15 x 
cost, 25 

cost of screening, 23^ 
defining coarseness, 18 1 
effective size, 182 
effect of shape of grain, 174 
effect of size, 147 
essentials, i 

Feret’s 3-screen analysis, 142 

for sea- water construction, 316 

granulometnc composition, 142 

imparities, 154a 

microscopical examination, 1 59b 

moisture in, 176 

mortar tests with various, 136 

photographs, 175 

properties, 5 

selection, 12, 149 

shaken iw loose, 145 

sharpness, ji;4a 

specific gravity, 163 

specifications, 33 

standard, 71 

table of quantities for mortar, 

22Q 

tables of fiuantities for concrete, 

tests for mortar and concrete, 
159 , 

typical mechanical analyses, 200 
uniformity coefficient, 18 1 


vs, screenings, 153 
washing, 2 so 
water for gaging, 179 
weight of, 223, 662 
Sand cement, definition, 2d 
manufacture, 48 
use of, 42 

Sandstone concrete, weight, 3 
Sandstone, specific gravity, 163 
Sawdust, effect of. References, 742 
Scales for cement, illustration, 68 
Schoefer kiln, 721 
Schulter system, 506 
Scofield system, 506 
Screened vs. unscreened gravel or 
stone, 188 

Screening sand and gravel, 230 
Screenings, effect of moisture, 176 
properties of, 5 
specifications, 33 
vs, sand, 153 
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Screen$, inclined. 240 
rotating. 240. 246 
Sea water. References, 736 

action of sulphate waters, 310 
concrete in, 308 
effect of, 8, 30^ 

experiments with cement in, 3 1 a 
gaging with, 1 sgb 
laying concrete under water, 30 1 
marine construction. Refer- 
ences, 734 

sign of iniury from. 310 
Set. flash of cement, 2a 
Sotting of cement, arbitrary periods, 
88 

brief tests, 4 
chemical process, 57 
European tests, 89 
flash set in concrete, 2a 
rate, 90 

regaged mortar, 159 
rise m temperature, i 
specifications, Natural cement, 

31 

specifications, Portland cement, 

30 

standard tests, 70 

Setting of cement, typical cements, 
90 

Servers. See also ('onduits 
References, 737 
('hicago C'lcanng Yard, 683 
K. Y. Transit ('ommission, 686 
Williamsport, Pa., 683 
Sharpness of sand, T54a 
Shear, chimney, 772 

computation in beams, 446 
crown, arches. 551 
diagonal tension, 443 
horizontal, in a reinforced beam, 
443 

strength of concrete, 382 
vertical, in a reinforced beam, 
442 

vertical, in flange of a T-beam, 
442 

working stress, 528 
Shears and bending moments, 433 
diagrams, 435 

Shearing forces in beams agd slabs, 
441 

Shearing tests of concrete, 382 
Schuylerville, N. Y., dam. 677 
Sheet piling, concrete, 653, 655 
Shrinkage. See Contraction 
reinforcement, 499 
Sidewalks, 593 

affected by frost, 60a 


Sidewalks, color, 595 

cost and time of oonstructiofii 
604 

foundation, 598 

materials, 503 

method of la3nng, 598 

proportions of aiucrete for, 594 

thickness, 598 

tools, 597 

vault light construction, 603 
wearing surface, 600 
Sieves. American vs, European, 84 
for mechanical analysis, 194 
for sand tests, 1 59a 
for standard cement test.s, 67 
Silica cement. See Sand cement 
Silos, 704 

Slabs, reinforced, 421 
• cross reinforcement, 422 
design, 421 

example of design, 469 
flat, 48^ 

ratio of steel, computing of, 422 
sheanng forces, 441 
span of continuous. 431 
square and oblong, 422 
tables for cinder concrete slabs, 
5*5 

tables for flat slabs, 5 1 8 
tables of safe k)ad.s, 5 1 2-5 1 5 
weight of, 612 

Slab load, distribution to the sup- 
porting beams, 431 v 
Slag cement. Sec Puzzolan 
definition, 2d 

mixture with cements, 517 
Slag, chemical analy.ses, 724 

for Portland cement manufac- 
ture, 70Q 

for Puzzolan cement, 7 2 ] 

Slate, specific gravity, 163 

Soap and alum waterproof mixture. 

344 

Soap for greasing forms, 296 
Soda, effect of References, 742 
Soil, bearing power, 639 
Soundness of cement, 101 

apparatus fot steaming, 78 
appearance of pats, J04, 108 
bnef tests, 3 

elementary directions for te.st- 
ing, 79 

specifications, Natural cement, 
3* 

specifications, Portland cement, 

30 

standard test. 77 

Spacing of stirrups. See Stirrups 
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Spadng of tension bars in a beam, 
4S9 

Spandrels for arches, 538 
filled, 53» 
open, 539 

Specific gravity, cements, 81 
cinders, 163 

device for dropping material, 81 

? ravel, 163 

.e Chatelier’s apparatus, 66 
sand, 163 

specifications, Natural cement, 

31 

sijecificaticms, Portland cement, 

30 

standard cement test, 65 
stone, 162, 163 
test for sand and stone, 164 
Specifications. References, 737 

first-class or high-carbon steel, 38 
mild steel, 34 
Natural cement, 31 
Portland cement, 29 
Portland cement concrete, 32 
proportioning concrete, 217 
reinforced concrete, 32 
waterproofing, 344 
Specimens for testing concrete, ^95 
Specimens for testing permeability, 
348 

Stadium, Harvard. See Harvard 
Stadium 

Standard notation, 529 
Stairs, design, 617 
Stand-pix^e, Milford, Ohio, 700 
Stationary kilns, 721 
vs. rotary, 722 
Steaming. See Soundness 
Steaming apparatus, illustration, 78 
Steel, adhesion to concrete, 456 
adhesion. References, 728 
areas a,nd weigh t.s of rods, 507 
area in T-beams, 426 
area in T-beams, diagram, 525 j 
area in T-beams, example, 470, 

471 

bars. See Bars 
bending tests. 4 1 5 
bond to concrete, 456 
chemical union with ceifient, 330 
high carbon vs. mild, 413 
modulus of elasticity, 402 
protection by concrete, 327, 337 
protection. References, 735 
quality for reinforcement, 4 1 3 
reinforcement of arches, 535 
rods. See Bars 

spacing of bars in beams, 459 


Steel, specifications for first-class, 38 
specifications for mild, 34 
types of bars, 505 
working stress, 529 
yield point, 413 

Stirrups, 445 • 

beams, rectangular not requir- 
ing, 455 

diameter, 453 » 47.2 
illustration of action of, 445 
in continuous beam, 450 
points, where not needed, 451 
spacing, 450, 472 
spacing, grajjhical method of, 

4 S 2 , 473 

types, 452 

Stone, broken. See Broken stone 
Stone, compressive strength, 392 
specific gravity, 162, 163 
washing of, 250 
Stone crushers, 242 
Stone crushing, 241 
cost, 246 

Storage of cement, 239 
Storage reservoir, 701 
Straight line theory of reinforced 
beams, 415 

Street pavements, 606 
Strength, compressive. Sec (Compres- 
sive strength 

transverse. See Transverse 
strength 

shearing. See Shearing strength 
Strength o cement, 90 

affected by fineness, 83 
Strength of cinder concrete, 394 
Strength of columns, 37 r 
Strength of concrete, 354 
References, 738 
consistency, effect of, 383 
cubes vs. cylinders vs. columns, 

, 37p , . 

density, relation to, 204 
eccentric loading, effect of, 372 
effect of fine material in filling 
voids, 154c 
growth, 374 
licat, effect of, 335 
laitance, effect of, 384 
laws, 6, 390 

machine w. hand mi.xed, 372 
percentage of cement, effect of, 
392 ^ 

(quality of stone, effect of, 390 
relative proportions of sand and 
stone, effect of, 173 
safe, 29, 373 
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Strength of concrete, size of stone or 
gravel, effect of, 389 
tables, 360, 376 
Strength of mortar, 99, 132 
affected by freezing, 323 
affected by impure sand, 154a 
affected by lime, i54d 
affected by mica, i S4c 
affected by quantity of water, 

affected by size of sand, 147 
Feret’s formulas, 140 
Peret’s tests, 136, 146 
gaging with sea water, effect of, 

1590 

.aws, 6, 133 
relation to density, 134 
Strength of reinforced beams, tables, 

509. 519 

Strength of reinforced slabs, tables, 

J 12, 515 

eformation curve, 403 
Stresses, working unit, in arches, 583 
in reinforced concrete, 527 
Stretch in concrete. See Elongation 
Structural steel, protected by con- 
crete, 337 

reinforcement of columns, 497 
Structures, miscellaneous, 702 
Subways, 692 
design, 692 
New York, 347, 693 
Philadelphia, 347, 693 
Sugar, effect of. References, 742 
Sulphate of lime in cement material. 

Sulphate waters, effect on concrete, 

310 » 

Sulphuric acid, effect on concrete, 
310 

limit in Portland cement, 5, 30 
Sulphuric anhydride. See Sulphuric 
acid 

Surfacing walls, 288 
specifications, 37a 
Systems of reinforcement, 504 

Tables. See also matter in question, 
areas, weights and circumfer- 
ences of bars, 507 
beams with steel in top and 
bottom, 516 

chimney design, 635, 636 
constant C, for design of rein- 
forced beams, 519, 520 
depth of neutral axis, 521 
earth pressure, 665 
flat slabs, 518 


Tables, retaining walls. 661, 663 
safe loadings for rectangular 
beams, 509, 510, 51 1 
safe loadings for slabs (for design- 

ing). SI*. 513 , . , . . 

safe loadings for slabs (cinder 
concrete), 514 

safe loadings for slabs (for 
review), 514 

Talbot’s reinforced beam tests, 410, 

477 

Tallow, effect of. References, 742 
Tanks, 698 

References, 735 
construction, 699 
IlUnos Steel Co., 700 
for immersing briquettes, 76 
Little Falls, N. J., 700 
Tar for waterproofing, 344 
T-beams reinforced, breadth of 
flange, 424. 47 ° 
design. 423 
details of design, 426 
diagram for design, 525 
economical depth, 425 
economical depth, example, ^4 70 
example of design, 469, 471 
McKioben’s tests, 479 
minimum depth, 424 
minimum depth, example, 470 
shear, vertical, in flange, 44-* 
steel, area of, 426 
steel area, example, 470, 471 
web determined by shear, 424 
web determined by shear, exam- 
ple, 470, 471 

Teil, lime of, definition, 2d 
Telegraph poles, 702 
Temperature, Boonton dam, 285 
effect on strength, 322 
rise in concrete while setting, 131 
rise in mortar while setting, 1 30 
Temperature stresses, 490 
arches, 555 
reinforcement, 499 
table of percentage of reinforce- 
ment, 502 

Tensile resistance in concrete, 412 
Tensile strength. References, 739 
cement and mortar, 99 
machines for testing, 93 
specifications, Natural cement, 31 
specifications, Portland cement, 
4 , 30 

standard cement test, 75 
various mortars, 136 
vs, compressive, X19 
vs, fiber stress, 121, 134 
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Tension, diagonal, 443 
chimney, 772 
computation, 446 
illustration,, 445 

reinforcement for, example, 472, 
4 n, 474 

working stress, 5(2^ 

Terracotta, substitute for sand, 156 
vs. concrete, 3,^3 

Testing cement. See ( 'ement testing 
Testing concrete, form for records, 
396 

specimens, 395 

Testing machines, compressive, 1 1 6, 
tensile, 93 

Testing permeability, 347 
Te.sting sand for concrete, 159 
sieves for, 159a 

washing tests for organic im- 
purities, 159a 

Testing steel, sjieciflcations, 39 
Tests. See material in question 
See also C'ement testing 
Thacher rods, 506 

Theory, of a concrete mixture, 1S6, 
220 

reinforced beams, 751 
Thermal conductivity of concrete, 
335 

Three- hinged arch, 546 
Thrust arches, effect of, 555 
Thrust at crown, arches, 551 
Ties, railroad, 703 
Tile, concrete, 629 
Time, building forms, 9 
facing concrete, 289 
filling barrows, 9 
mixing and laying concrete, 9 
ramming concrete, 283 
screening sand, 239 
sidewalk construction, 604 
Tonne, English equivalents, i o 
Tons, per sq. ft., ratio to lb. per sq. 
in, 10 

Tools for concrete work, 1 7 

for sidewtilk construction, 597 
Transporting concrete, 276 
Transverse strength, concrete, 378 
concrete, tabic, 376 
various mortars, 1 36 
vs. compressive, 134, 381 
Transverse stress, fonnuia,'37g 
Transverse tests of cement, 1 20 
Trap concrete, weight, 3 
Trap, specific gravity, 163 
Triangle mesh, 506 
Triangles, Feret^s, 144 
Trowel, edging. 602 


Trowel, plasterer’s, 601 . ; * 

Troweling surfacefor water-tightness, 

Trussit system, 506 
T-shaped beams. See T-beams 
Tube mill, 716 

Tubes for depositing under water, 303 
Tunnels, 689 

References, 743 
closing leaks, 691 
conduits, 688 
construction, 690 
design, 689 
East Boston, 68g 
Harlem River, 689 
Pennsylvania R. R., 689 
Pittsburgh, Carnegie & Western 
R. R., 689 

Turneaure’s reinforced beam 
tests, 408 

Two-hinged arch, 547 

Uniformity coefficient of .sand, 181 
Unsoundness. See Soundne.ss 

Vassy cement, 49 

chemical analysis, 47 
definition, 2d 

Vault light construction, 603 
Vegetable impurities, 154b 
Vicat needle, illustration eff, 69 
vs. Gillmore needle, 89 
Vis.sintini system, 506 
Voids, definition, 2d 

in aggregates, law.s, 160 
in concrete, 339 
in gravel vs. broken stone, 174 
in mixed aggregates, 168 
in mortar, 127 
in pile of spheres, 168 
in sand and stone, determining, 
165 

in sand and stone, tables, t66 
in sand, effect of moisture, 176 
proportioning concrete by, 189 
Volume of concrete, formulas, 221 
tables, 234 

Volume of loose concrete, 277 
Volume of mortar, tables, 229 
Volumetric composition of mortar, 
i3S ’ 

Volumetric synthesis, 210 
Volumetric tests, concrete, 140 
mortar, 138b 

Walls, 619, 621 
cellar, 619 

cutter for facing, 289 
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Walls, facing, 288 
forms, 621 
hollow, 623 

illustration of reinforcement, 613 
mortar, plastered upon metal 
lath, 627 

photograpns of surfaces, 290 
placing concrete, 623 
reservoir, 696 

retaining. See Retaining walls 
Walnut Lane bridge, 532, 592 
Waltham reservoir, 701 
Washed surface of concrete. 290 
Washing plant. Bellows I^'alls ('anal 
Company, 250 

Rockingham Power ('ompany, 
250 

Washing sand and stone, 250 
Washing test for organic impurities, 

Water, approximate percentages f()r 
testing cement, 87 
depositing concrete under, 301 
effect of excess in concrete, 302 
effect upon strength of mortar, 

for chemical combination, 85 
for mortar of normal consist- 
ency, 88 

for paste and mortar, 85 
in concrete. See ('onsistency 
in concrete. References, 743 
measuring for concrete, 266 
required feu' gaging sand, 1 79 
Waterproofing, alum and lye, 342 
asphalt, 344. 346 
materials and methods, 344 
felt, 344 . 

specifications, N. Y. Subway, 344 
Waterproofing, treatment of surface, 

341 

granolithic finish, 341 
grout, 342 
plastering, 341 
troweling surface, 341 
Water-tight concrete, construction 
without waterproofing, 34 7 
laying, 338 
proportions for, 339 
thickness for, 340 
treatment of surface, 341 
Water-tight joints, 286 
AVater- tightness, 338 

alum and soap, effect of, 344 
brief laws, 8 


W ator-tightness, conduits, 68 1 
effect of consistency, 3^8 
effect of lime and fuzzolan 
cement, 342 
experiments, 347 
pulverized rock, effect of, 343. 
Wear, ability to witlistand, 654, 
Wearing surface, concrete sidewalks, 
600 

AVearing tests of mortar, 125 
AVcighing machine, automatic, 713 
AVeight, bag of Natural cement, 31 
bag of Portland cement, 29 
bf'irrel of Natural cement, 31 
barrel of Portland cement, 29 
broken stone, 249 
cement, affected by age, 1 15 
cfement, affected by fineness, 1 1 
cement, loose and packed, 219 
cement, test, 114 
concrete, 3 

concrete of different propj)r- 
tions, 362 
concrete, loose, 277 
concrete in slabs and beams, 0 1 1 
concrete, table of tests, 376 
earth, 662 
ravel, 662 
ardpan, 662 
lime, 156 
loam, 662 
mortar, 3 
muck, 662 

proportioning concrete by, 265 
sand, 223, 662 
Welded wire fabric, 506 
AVeston aqueduct, 682 
AA^et concrete, 280 

depositing through trough, 278 
for protection of steel, 328 
Wheelbarrow, illustration, 18 
loads, 9 
time filling, 9 

Williamsburg bridge mixing plant, 

273 

AVilliamsport, Pa., sewer, 683 
AVoolson tests, fire resistance," 335 
conductivity of concrete, 335 
AViinsch system of arches, 538 

ATale University dome, 626 
Yield tests of cement and mortar, 1 29 
Yield point, effect on reinforced 
beams, 413 

required in first-class steel, 39 




ERRATA 


The fQUouing slight corrections are given so that they may be entered in ink on the 

proper pages and this slip destroyed. 

Page 6i. In second tabulation “ Fe202 ” should read 

Page 88. In last footnote “ formula (2) ” and “ formula (3) ” should 
read formula (i) and formula (2). 

Page 184. In 7th line from bottom “on page 211 should read on 
page 206, 

Page 227. In 6th line from top “ on page 258 should read on page 

376- 

Page 227. First footnote, “ See page 261 should read See page 

Page 233. Under 45% void column, 5th value from bottom, “ 3Q.4 
should read 29.4. 

Page 356. Footnote should be added: * See page pj. 

Page 430. “ z ” in formula (22) should be x. 

Page 446. Last footnote, “ Bulletin No. 14 ” should read Bulletin 
No, 4, 

Page 475. In 6th line from bottom “three equal parts ” should read 
four equal parts. 

Page 494. In Fig. 153, the values at the bottom of the table: 

“ 0.0005 should read 0,005; “ 0.0010 ” should read 
0,010; “0.0015” should read 0,015, 

Page 572. In Fig. 179: “Values of k, ratio of depth of neutral axis 
to depth of steel below compressed surface of beam” 
should read, Values of ky ratio of depth of neutral axis to 
depth of beam, * 

Page 573. In Fig. 180: “ Values of Ca in Formula ( ” should read 
Values of Ca in Formula {59), 

Page 693. In 5th and 6th lines from bottom, “ by formula (i) ” should 
read by formula (2) . 

Page 693. In 3d line from bottom, “ formula (2) ” should read, 
formula (i). 

Page 743. In 4th line from bottom, “ p. 40 ” should read p. 401, 

I^age 757. Formula (30) “ fcj' A 

~ should read ~ 

k k 

E Ec 

Page 788. Footnote should be added: * See page 208. 
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Consultation: PJxyx^rt investigations and advice 
in matters pertaining to structural steel, to 
reinforced concrete, and to management. 
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supervision during erection of structures of steel 
and reinforced concrete, independently or in co- 
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SYSTEM IN 
CONTRACTING 


We offer to put our organization at the disposal of owners con- 
templating any building operations. 'Fhe owner i^vailing himself of 
our services becomes for the time possessed of a highly trained and 
systematized organization, a construction department just as compact 
and smooth running as is any other department of his business. 
The expense of this department is incurred only when its services 
are required. Under this plan the owner and contractor stand in 
the position of employer and trusted department head. Moreover, 
every detail of the fv’ork, its cost, its quality, the manner in which 
speed is being made, are constantly under the owner’s supervision. 
He knows at all times how much of and for what his money has 
been spent. He knows how much remains to be spent. Every 
fortunate circumstance which may tend to reduce costs — and there 
are such chances on every job — benefits the owner and not the 
contractor. These are a few of the many benefits of the cost-plus- a- 
fixed-sum contract. 

We accept contracts only on the basis of 

cost-plus-a-fixId-sum, 

because we believe it to be the only form of contract equitable and 
advantageous to both owner and contractor. 


FRANK B. CILBRETH 

M. ANI. SOC. Nl. E. 

General Contractor 
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HAVEMEYtR BARS 

“Every Pound Pulls*’ 

Can be used economically on any type of 
Concrete Structure. 

Rolled to same weight and area as plain 
bars— both Round and Square sections. 

No excess metal — New Billet Steel. 


Concrete Steel Company 

32 Broadway Monadnock Block 70 Kill >y St. 

NeAv York Chicago Boston 




WATER-TIGHT . Cnni potent Engineers agree that 
M n ^ method of rendering con- 

%J M IV E; X E. Crete WATER-TIGHT is by filling 
the PORES of the WHOLE MASS. c»r? O rxr? 

The Cheapest aud most KiTcr^ ^ \ U 

CIOMKNT rOBVAHr^rc ^"Lle 

MORE PliASTIC, trowel more easily, (Hydrated Lime) 

and (^\RHY MORE SAND when LIMOID is >isod. Stu imgos I54d & :m2. 

CHARLES WARNER COMPANY 


WILMINGTON, DKL. 


PHlLADKLPniA 


NKW Yf)KK 


HELDEllBEKO PORTLAND CEMENT 


Manuf aeiured for 15 
years by one company 
with one organization 
using one process. 



Uniformity in composi- 
tion gives uniform 
strength, fineness and 
color, insuring the best 
results in all concrete 
work. 


Tlw? Helderberj? Cement Co., 100 State St., Albany, N.Y. 


Remember the Sign of the ^'Right Cement'' 

DEXTER ^ 

Hisfhest Standard Attainable 


SOLE AGENTS 


SAMUEL H, FRENCH & CO. 


Established 1844 


»yC\ C/ '/aAeii /_ I 

Atainable IportIawdI \J ^I 

\(^ \ uniformity / ^/ 

CH&CO. 

PHILADELPHIA PORTLAND CEMENT 
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T here are some words in the 
English language that are spelled 
the same,, but the meaning is 
different. It’s that way with the 
word cement — when it has the pnefix 
“Atlas” before it, it means 


standard Ay which a// other makes are measured^ 

THE ATLAS CEMENT CO. I 

so anoAD ST, new vomk 

Cam CMch SAnk Btdj Otic*^ lU 
HorrU Bld^ Philadalphta, r« Plymoulh Bld^ PlinnaapoltB. Minn 
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THE SELECTION 
OF THE HRANI) 

When rju spei^ify PORTLAND 
CT]MENT, select the Brand that 
has all the qualifications to insure 
permanently satisfactoiy rt'sults. 

LEHIGH PORTLAND CEMENT 

is noted for its high tensile strength, uniformity in 
color and fineness. Laboratory Tests will prove 
Lehigh\s supremacy. Ask to be put on our mailing 
list for “Cement Facts.” 

Lehigh Portland Cement Company 



Head Office 

Allentown, Pa. 


Western Office 

Chicago, III. 


Eleven Mills — Annual Capacity Over 12,000^000 Barrels 






The Best for ^inferred Concrete 

EN’ery barrel suaranteed to meet standard 
speolficatloDS 

PENN-ALLEN 
PORTLAND CEMENT 

Works Penn-Alleni Pa. Dally capacity 2,500 bbls. 

WM. G. HARTRANFT CEMENT CO. 

Sole SolIinK Agent 


Rbai. Estate Trust Building, Philadelphia,Pa. 


EDISON PORTLAND CEMENT CO. 

THE CEMENT OF NATIONAL RKCOONITION 

Uniformally tho most finely ground 
cement manufactured 

new yore f 113.1 BROADWAY 

IpHILADEI.PHtA SKI.LIXG OFFICES ■' COMMBRCIAL TRUST BI.DG. 

BOSTON' ; [ POST OFFICE SQ. BLDG. 


SAYLOR’S PORTLAND CEMENT 

rSETVBY THE U. S. GOVPIRNMENT SINC^E 1876 
FORTY YPJARS ON THE MARKET 

COPLAY CEMENT MANUFACTURING COMPANY 

Sales Offices 

Fifth Aye. New' York Land Title Bldg., Phila. 


The Lawrence 
Cement 
Co. 

1 Btoadwny 
New York 



PORTLAND 


IN VSE SINCE 1889 

fdnnn 

LAND^^CEMENT 


Lawrence 
Portland 
Cement Co. 

Harrison Building 
Philadelphia 
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Architects who appreci- 
ate known quality do 
not hesitate to specify 




“CMcago 


for work of any magnitude. 

For fifteen years ‘‘CHICAGO AA” has been 
used, and in all this time it has proved its 
dependability under any and all conditions. 

You can easily foreceist results if you use the 
cement that has made good in service— “CHICAGO AA” 

MannfactHred in one mill and from one quarry only^ by 

Chicago Portiand Cement Co. 

Quarryand Mill at Oglesby, III. 30 N. La Salle St.» Chicago, 111. 



MEDUSA BRAND 
= SANDUSKY = 
PORTLAND CEMENT 






Unexcelled In Strendtli, 
Fineness and 
Uniformity 

Guaranteed Equal to 
the Best Imported 
Brands 


Over 100,000 Barrels Medusa Portland Cement 
used on U. S. Government Breakwaters 
at Cleveland, Ohio, and Mar- 
quette, Michigan. 


Offices: SANDUSKY, OHIO 

Works 

Bay Bridde. Ohio Syracuse* Indianp 

Send for Circulars and Production 3000 Barrete 

Quotations per Day 


tor punplilct on VTAXBaPROOF COMPOudO* 

Cement work made imperrioiw to water. 








